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Foreword
This thesis was written on the basis of research undertaken at the Department of Mate-
rials, Imperial College London in the between October 2010 and April 2014, excluding
the period June to August 2013. The work reported here is my own with the exception
of the following:
1. Transmission electron microscopy images presented in this work were carried out
as follows: in Figure 3.5, sample iv) was prepared and imaged by Dr James B.
Gilchrist. In the same figure, the cross-section of the ZnO–P3HT film in ii) was
prepared by Claire Burgess and imaged by Dr Catriona McGilvery, who also ob-
tained the micrographs displayed in Figures 3.4, 3.13, and 3.14. The ZnO–PZT
images presented in Figures 3.13, 3.14, and 3.15 were carried out by Dr James B.
Gilchrist (preparation) and Dr Catriona McGilvery (imaging).
2. The secondary ion mass spectrometry data presented in Figures 3.12 and 4.5 was
acquired by Dr Sarah Fearn.
3. The X-ray photoelectron spectroscopy measurements presented in Figures 4.3 & 4.4
were carried out and processed at the Department of Chemistry, University of
Arizona by Dr Erin Ratcliff.
4. The transient absorption spectroscopy data shown in Figure 5.4 were recorded by
Karunanantharajah Prashanthan in the Department of Chemistry, Imperial Col-
lege London whilst working towards his Master’s thesis under the supervision of
Dr Saif Haque; the results were originally presented in his work “Transient Ab-
sorption Studies on Metal Oxide/Polymer Solar Cells”, whilst additional analysis
and interpretation of the data are added here.
The experimental results from this study have been the subject of an oral presentation
at the following conference:
Hewlett, R. M.; Zhang, Q.; Stingelin, N.; McLachlan, M. A.; The role of ferroelectric
interlayers on hybrid photovoltaic device performance, Symposium O: Next-Generation
Polymer-based Organic Photovoltaics, Materials Research Society Fall Meeting, Boston
November 2012.

Abstract
Due to its excellent optoelectronic properties and ease of processing. ZnO has been
considered a promising acceptor material in oxide:polymer hybrid photovoltaics (hPVs);
however, devices have consistently underperformed for a number of reasons including
poor charge generation and high recombination rates. The characteristics of the ox-
ide:polymer interface have been cited as crucial in determining device performance: to
this end, modification of the interface with both molecular and inorganic species has
been shown to yield significant improvement. In this study, growth of the perovskite
ferroelectric material lead zirconate titanate (PZT) is carried out on ZnO using sol-gel
deposition. Subsequently, the PZT layers are used to modify the donor–acceptor in-
terface in ZnO:poly(3-hexylthiophene) (P3HT) hPV devices: this study is carried out
in order to lay the foundations for future investigations into the effect of ferroelectric
properties on organic-based photovoltaics using inorganic ferroelectric materials.
PZT was confirmed to crystallise on ZnO in the tetragonal phase and microstructural
characterisation by atomic force microscopy revealed that the ZnO–PZT films consist of
small, tightly packed PZT grains, indicating that the ZnO substrates provide a high seed-
ing density for PZT. The ZnO–PZT interface was studied to determine the way by which
growth proceeds in these films: whilst it was found that intermixing between the con-
stituent elements of the two materials does not occur, transmission electron microscopy
of the interface revealed the presence of a secondary phase thought to be orthorhombic
PbO — it is hypothesised that this phase plays a role in the crystallisation of PZT.
Growth and characterisation of low thickness PZT (< 15 nm) was conducted, confirming
the crystallisation of tetragonal PZT for a film thickness of ∼ 11 nm.
Finally, the modification of the ZnO:P3HT with PZT was shown to have a positive
effect on hPV performance: using transient absorption spectroscopy, the presence of the
PZT layer was seen to increase the hole polaron lifetime from 15 µs to 2 ms, indicating a
suppression of charge recombination. The open-circuit voltage (Voc) of the hPV devices
was observed to increase from 0.162 to 0.734 V; moreover, prolonged illumination of up
to 30 minutes led to further increases in Voc, reaching a maximum of 0.947 V — this was
attributed to the progressive filling of electron traps with photoexcited charges, leading
to a reduction in trap-assisted charge recombination.
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Chapter 1
Introduction to Hybrid
Inorganic–Organic Photovoltaics
1.1 History of Photovoltaics
Although the Becquerels first discovered the photovoltaic effect over 170 years ago, the
advent of solar energy as a relevant power source has taken a long time, predominantly
due to the plentiful supply of non-renewable fuel sources and the only relatively recent
understanding of the environmental concerns associated with fossil fuel consumption.
After the development of the first photovoltaic (PV) cell by Fritts in 1883 — a layer of
selenium sandwiched between two gold electrodes — these devices received little attention
until the latter half of the 1940s, when Ohl’s ground-breaking work on the semiconductor
p–n junction at Bell Labs paved the way for the development of modern electronic devices,
such as the transistor, diode, and solar cell [1]. In 1946, Ohl was granted the first patent
for a p–n junction based, ‘Light-sensitive electric device’ [2], and within a decade, Bell
Labs unveiled the first modern solar cell, operating with a power conversion efficiency
(PCE) of 6 % [3]. However, processing costs proved to be prohibitive in commercialising
the product as producing silicon of requisite purity was expensive at the time; as a
result, the technology was mostly restricted to niche applications, most notably as a key
component for spacecraft and satellites.
PV research experienced a surge in the 1970s due to changes in manufacturing and
politics, leading to developments that would see solar power grow into an important
technology: firstly, the booming electronics industry created an ever-increasing demand
for large volumes of cheaper Si, leading to advances in semiconductor processing which,
in turn, decreased the manufacturing costs for PV technology owing to economies of
scale — moreover, the development of efficient devices using lower grade material led
to another significant drop in costs; secondly, the 1973 Oil Crisis caused major supply
and economy disruptions to NATO countries and, consequently, pressured both oil and
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technology companies into making significant investments into fledgling renewable energy
solutions, including solar power. These two factors brought around ideal conditions for
massive growth in solar research, and led to numerous key breakthroughs including: in
crystalline solar cells, the implementation of ‘impure’ forms of Si such as polycrystalline
(pc-Si) and amorphous (a-Si) [4] into devices, as opposed to the much more costly wafer-
produced monocrystalline Si (mono-Si); the development of alternative semiconducting
materials such as GaAs [5] and CdTe [6]; and the growth of thin-film device technology,
which opened the door towards lower cost and lower profile solar cells.
Figure 1.1 – Chart of certified efficiencies for research solar cells as of May 2014. This plot
is courtesy of the National Renewable Energy Laboratory, Golden, CO [7].
‘Emerging photovoltaics’ is a term applied to the third generation of photovoltaic
technology, encompassing organic photovoltaics (OPVs), hybrid photovoltaics (hPVs),
dye-sensitised solar cells (DSSCs), and ink-based inorganic cells which use materials such
as CIGS (copper–indium–gallium–selenium) [8]. Although the concepts underpinning
these types of devices have been known for a comparatively long time — the electro-
chemical principles of DSSCs were first demonstrated using chlorophyll in 1972 [9], and
the photovoltaic effect was demonstrated in organic materials by Kearns and Calvin in
1958 [10] — the development of appropriate materials was required before these could be
implemented in PV: for DSSCs, the advent of nanostructured TiO2 and an effective elec-
trolyte culminated in the development of the Gra¨tzel–O’Regan cell [11] in 1988; for OPVs,
the development of both the donor–acceptor (D–A) heterojunction cell [12] and new semi-
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conducting organic materials (especially polymers such as the poly(alkylthiophenes) [13])
in the mid-1980s led to widespread research and interest in the field.
1.2 Organic-based Emerging Photovoltaic Technologies
Organic-based emerging PV, encompassing OPVs1 and DSSCs, are different materials
systems to inorganic PV in that they use molecular components (such as dyes, poly-
mers, and small molecules) as light-absorbers. Both OPVs and DSSCs are based on the
concept of a heterojunction between a light-absorbing donor species and an electron-
accepting acceptor species, rather than the asymmetrically doped p–n junction used in
inorganic PV technologies. Typical device architectures for these two groups are shown
in Figure 1.2.
Figure 1.2 – Simple representations of a) a bilayer organic solar cell, and b) a dye-sensitised
solar cell.
Both OPVs and DSSCs are multilayered structures, consisting of a transparent elec-
trode on a transparent substrate, onto which the active layer (consisting of donor and
acceptor components) is deposited and capped with a top electrode, typically a metal.
Although OPVs and DSSCs share some underlying principles, the two classes of cells op-
erate differently: OPVs are based on organic semiconductors, whereas DSSC technology
is rooted in electrochemical foundations.
A basic OPV device consists of two electrodes sandwiching a two-component active
layer consisting of i) a photoactive, low band-gap organic species, such as a polymer or
a small molecule, and ii) a suitable acceptor species. The basic mode of operation for
1As the operating principles of OPVs and hPVs are very similar, in Sections 1.2 and 1.3 the use of
the abbreviation ‘OPV’ implicitly includes ‘hPV’; the abbreviation OPV is used as this is the dominant
technology.
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Figure 1.3 – Simple representation of operation and corresponding energy level diagrams
for a typical a) OPV and b) electrochemical solar cell (DSSC). BE is the binding energy
for the different energy levels; hν represents incident photons; Lex is the exciton diffusion
length, the maximum distance that an exciton may diffuse before it decays back to its ground
state – this is also represented by the green circle, as an exciton may travel in any direction;
the LUMO (lowest unoccupied molecular orbital) and HOMO (highest occupied molecular
orbital) are the valence energy levels of an organic species, whilst CB (conduction band) and
VB (valence band) are the energy levels for an inorganic solid. In b), the dye molecule is
excited from the ground state, S0 to a photoexcited state, S
∗, from which the electronically
excited electron may be transferred from the dye to the CB of the acceptor.
an OPV is as follows: when irradiated with light, the donor species is photoexcited and
forms electronically excited, bound electron–hole polaron pairs called Frenkel excitons.
When the excitons reach the D–A interface, the exciton may dissociate into free charges
— the hole remaining in the highest occupied molecular orbital (HOMO) of the donor,
and the electron moving from the higher energy lowest unoccupied molecular orbital
(LUMO, in the case of a molecular species) to the LUMO or conduction band (CB, for
the case of an inorganic species) of an acceptor — which subsequently are able to diffuse
towards their respective electrodes to drive the current.
In contrast, the DSSC active layer typically consists of three components — a dye,
an acceptor, and an electrolyte, where the dye is adsorbed to the surface of the acceptor
layer (typically a metal oxide network). In this system, the dye absorbs incident light,
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leading to the photoexcitation of an electron — this can be injected into the CB of the
acceptor species and then diffuse towards the bottom electrode. The dye is subsequently
regenerated through transfer of an electron from the electrolyte. A comparison of these
two systems is illustrated in Figure 1.3.
1.2.1 Motivation for Organic Photovoltaic Technology
Although the PCEs of organic-based emerging PV cells currently lag behind crystalline
inorganic technology2, they do possess a number of distinct advantages and make them
well suited to small scale applications:
i) low-cost devices due to inexpensive starting materials and low energy materials
processing from solution.
ii) low profile — a typical DSSC is ∼ 5 µm thick and a typical OPV is on the order of
0.5 µm thick. As such, these cells are suitable for portable applications and allows
for the possibility of flexible devices.
iii) good performance under reduced illumination — in crystalline solar cells, recombi-
nation kinetics dominate increasingly as incident light intensity decreases leading to
sharp drops in performance under low light conditions. Due to the D–A nature of
both OPVs and DSSCs involving single carrier injection, these particular recombi-
nation processes are much slower, and performance drops much less severely under
such conditions.
iv) well suited to coating applications due to high transparency.
v) organic semiconductors may be designed and tuned to possess specific band gaps
and energy levels, allowing tailoring of materials design to application.
The low cost and low profile of these types of devices likewise make them suitable for
applications in the developing world, especially for rural electrification — for example,
the introduction of photovoltaic–light-emitting diode (PV–LED) lamps in Cambodia as
an alternative to kerosene lamps [14].
Whilst crystalline inorganic solar cells have been the primary driving force for the
expansion of the solar energy market, mainly due to falling processing costs (the price
2Although organic-based PV is not seen as a technology to compete with inorganic PV at present,
there are no theoretical limits to suggest that they cannot do so in the future, given sufficient development
in materials and processing.
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of crystalline Si cells has fallen by around 100 times between 1977 and 2013, from US$
76.67 to US$ 0.74 per watt owing to economy of scale [15]), the current rate of solar
energy uptake is still not sufficient to meet or exceed international targets for the next
20 – 30 years [16]. Although many of the current issues with solar power are engineering
problems (e.g. energy storage), there is a need to expand its presence in the consumer
sector (which also has the advantage of not being directly subjected to energy politics)
encompassing both static, house-mounted solar panels and smaller scale applications,
such as chargers for portable electronics. The latter is an apt niche for emerging photo-
voltaics, especially for OPVs and DSSCs — in 2010, G24i launched a laptop bag with a
DSSC mounted on it for charging, the first example of its kind [17].
Type GER Solar Radiation PCE EPBT Ref
(MJ m−2) (kWh m−2) (years)
mono-Si 2900 1700 14 % 1.8 [18]
13 % 3.8
pc-Si 2300 1700 17 % 2.2 [19]
18 % 1.5
CdTe (TF) 966 1700 10.9 % 0.8 [20]
DSSC (TF) 1455 1700 8 % 0.8 [21]
OPV (TF) 2801 1700
5 % 4
[22]
10 % 2
Table 1.1 – Energy payback time (EPBT) for different photovoltaic devices. TF denotes
thin-film cells.
Although solar cells are most often compared in terms of PCE, this alone speaks little
as to a device’s performance under real-world conditions, or to its viability in commer-
cial terms. Energy sources may be more appropriately evaluated by using the concept of
‘energy payback’, the energy payback time (EPBT) being the period of time required for
an energy source to generate enough power to compensate the energy consumed during
its fabrication. This takes into account three major factors: gross energy requirement
(GER), the total amount of ‘embodied’ energy, i.e. the amount of energy consumed in
fabrication; the PCE of the device; device illumination which is heavily dependent on
location — this can be difficult to model given the unpredictable nature of weather sys-
tems and the non-linear relationship between illumination and photocurrent generation.
Table 1.1 gives a comparison of the EPBT values for different PV technologies.
Crystalline Si solar cells typically have a very high gross energy input, as fabrica-
tion often requires energy-intensive deposition techniques – mono-Si wafers are produced
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by the Czochralski method which requires sufficient temperatures (∼ 1500 ◦C) to melt
Si, whilst the predominant technique for depositing pc-Si is chemical vapour deposition
(CVD), which requires an inert atmosphere and moderately high temperatures (600 ◦C)
to grow silicon crystallites from SiH4 gas. As OPVs have not yet entered mass pro-
duction, the GER is currently quite high: in Garc´ıa-Valverde’s 2010 paper detailing
the life-cycle analysis (LCA) of a typical bulk-heterojunction (BHJ — this term is de-
fined below in Section 1.3.3) OPV device (using indium tin oxide (ITO) as the anode, a
blend of poly(3-hexylthiophene) (P3HT, a donor polymer) and phenyl-C61-butyric acid
methyl ester (PCBM, a fullerene acceptor molecule) as the active D–A layer, poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) as a hole-blocking layer,
and Ca/Al as a top contact) [22], this was calculated to be 2800.79 MJ m−2, compared
to 2900 – 5240.00 MJ m−2 for a mono-Si cell [23, 18] and 1110.0 MJ m−2 for a thin
film a-Si cell [24], a technology which is hoped to be superseded by OPVs when they
are commercialised. However, it was found that, in terms of the embodied energy of
the input materials, the production of ITO electrodes was the most energy-intensive
process (50.39 % of the total embodied energy), whilst the second was the maintenance
of an N2 atmosphere (48.19 %). The other materials accounted for a mere 1.33 % of
the total embodied energy. New, more easily processable materials are being developed
as a replacement for ITO, whilst there are a number of ambient deposition techniques
which may be used in OPV fabrication, and it is expected that these developments will
drastically reduce the GER of OPVs and, ergo, the EPBT.
1.2.2 Comparison of OPVs and DSSCs
Although OPVs have historically been less efficient than DSSCs, as of 2014 the gap has
been closed with the highest recorded efficiencies of single-junction OPV and DSSC cells
exhibiting PCEs of 10.7±0.3 % and 11.9±0.4 % respectively [25]. At this point, DSSCs
are a better-established technology and have already been commercialised. However,
although there is some overlap between applications for these two technologies, each has
its own strengths and weaknesses which make them suited to different niches. The main
advantages of OPVs over DSSCs are as follows: firstly, OPVs are generally about 10
times thinner than DSSCs and are much more applicable to flexible devices; secondly,
the most effective dyes used in DSSCs are Ru complexes which cost much more than
a mass-produced polymer light absorber3; thirdly, typical DSSC cells contain a liquid
electrolyte to replenish electrons which are injected from the dye to the electron transport
layer — this poses stability and encapsulation issues and, whilst solid-state DSSCs using
3Whilst metal-free dyes do exist, light absorption is currently inferior to that seen in the metal-based
dyes.
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hole-transporting polymers have been developed, these still do not produce the same
efficiency as liquid electrolyte DSSCs.
1.3 Principles of Organic Solar Cells
1.3.1 Operation and Device Characteristics
Figure 1.4 – Example of current density–voltage (J–V) curves, obtained for an OPV
BHJ device with a normal architecture and layer structure ITO/PEDOT:PSS/P3HT:PCBM
(1:0.7)/Ca/Al — PEDOT:PSS, poly(3,4-ethylenedioxythiophene) is a functional interlayer,
whilst P3HT (poly(3-hexylthiophene)) and PCBM (phenyl-C61-butyric acid methyl ester)
are the respective donor and acceptor materials. Dark current, light current, and power
density curves are shown. Data provided by Dr N. Treat.
As stated above, OPVs require a D–A heterojunction to operate effectively: when
illuminated with photons of sufficient energy, an organic semiconductor will generate a
bound electron–hole polaron state, called an exciton. To generate free charges, dissocia-
tion of the exciton must occur, requiring that the exciton binding energy (on the order
of meV) must be overcome. The first OPV devices consisted of a single layer of an or-
ganic semiconductor sandwiched between two electrodes with differing work functions to
create an electric field across the film; however, this electric field is insufficient to initiate
dissociation in a large proportion of these excitons, hence few free charges are generated
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and little photocurrent observed. This behaviour lies in contrast with inorganic solar
cells: due to the generally higher dielectric constant () of inorganic semiconductors,
the exciton binding energy is overcome much more easily as the separated charges are
screened much more effectively from each other, and thus a greater proportion of these
species will be thermalised under standard conditions.
Figure 1.5 – The equivalent circuit of
a typical solar cell. ID is dark current,
IL illuminated current, Rsh the shunt
resistance, and Rs the series resistance.
A D–A heterojunction requires that the accep-
tor level (usually the LUMO for a molecule or the
conduction band for a crystal) is lower in energy
than the donor level (HOMO) with the resulting
energy level offset provides the driving force for ex-
citon dissociation into free charge — this offset is
generally referred to as ∆E4. A simple representa-
tion of this is shown in Figure 1.3 and more detailed
description of charge generation is described in Sec-
tion 1.3.2. These free charges subsequently diffuse
to their relevant electrode, generating a photocur-
rent. Solar cell characteristics are derived by mea-
suring the current density–voltage (J–V) charac-
teristics for both forward and reverse bias regimes
under both dark and illuminated conditions. From
this, its quantitative characteristics are then de-
rived by using the superposition principle: this as-
sumes that the J–V characteristics of an illumi-
nated solar cell is equal to the linear sum of its behaviour under dark conditions (where
it behaves like a diode) and the generated photocurrent when the cell is illuminated;
this assumption is only approximate for a solar cell, but is adequate for device charac-
terisation [28]. There are four main quantities which are used to evaluate a PV device:
short-circuit current (Jsc), open circuit voltage (Voc), fill-factor (FF ) and power conver-
sion efficiency (PCE or η):
Jsc is the maximum attainable current density for a photovoltaic device and is de-
rived from the J–V curve at short circuit conditions, i.e. when V = 0. Jsc essentially
measures the efficiency of charge collection in a device, encompassing both generation
4It is often quoted that ∆E must be at least 0.3 eV in magnitude to drive efficient charge genera-
tion [26]; however, more recently, this point has been disputed and has only been shown experimentally
to apply to PPV blend systems [27].
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and extraction, and thus it is governed by a multitude of factors ranging from the ab-
sorption characteristics of the donor material, to the efficiency of charge collection at
the electrodes. As Jsc is heavily affected by the incident radiation, different devices can
only be meaningfully compared if they are tested under the same illumination conditions.
Voc is the maximum voltage output that a device may generate, which occurs at
open-circuit conditions (where J = 0). Voc is measured under illumination and occurs
at the breakdown of the reverse bias regime where the J–V curve intersects the x-axis.
Several factors affect Voc — in OPVs, the theoretical maximum Voc that a system may
attain is given by the offset between the LUMOA (or CBA) and the HOMOD. Voc and
Jsc are closely related, as shown by the following relationship
5
Voc =
nkT
q
ln
(
Jsc
J0
+ 1
)
(1.1)
where q is the charge of an electron, n the diode ideality factor (dependent on recom-
bination and current leakage), and J0 is the dark saturation current; due to the strong
dependence of Voc on J0, it is strongly affected by charge recombination.
FF is the ratio between the maximum power output of a solar cell and the product of
Jsc and Voc (where P = 0 for both these parameters) and, qualitatively, is the ‘squareness’
of a cell’s J–V curve.
FF =
Vm Jm
Voc Jsc
(1.2)
FF is heavily affected by device recombination (due to its dependence on Voc) and par-
asitic resistances which are explained below.
PCE or η is the most widely used benchmark for comparing solar cells — it is the
ratio of the peak power density output (Pmax) to the incident light intensity (Pin), and
thus it normalises all cells with respect to illumination.
η =
Pmax
Pin
=
Voc Jsc FF
Pin
(1.3)
The standard conditions for measuring solar cell characteristics are 1 sun intensity
(100 mW cm−2) at AM 1.5G (the optical spectrum of photons incident on the Earth,
5The equation for Voc should use the term JL, the illumination current, instead of Jsc. In most cases,
however, it can be assumed that they are equal and hence Jsc is used for simplicity. It should be noted
that this does not hold for cells with high series resistances.
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adjusted for atmospheric absorption and reflection) at 298 K — cell performance can
only be compared meaningfully to other cells tested under the same conditions due to
the dependence of photocurrent generation on irradiation intensity.
Other important solar cell characteristics include parasitic resistances and quantum
efficiencies. The most relevant parasitic resistances are characteristic resistance (Rch),
series resistance (Rs), and shunt resistance (Rsh). Rch is the ratio of maximum voltage
to maximum current (Rch = Vm/Jm) — if this is equal to the resistance of the load on
the cell, the cell may operate at its maximum power point. Rs primarily affects the fill
factor, and very high values will decrease the Jsc of a device; this arises from contact
resistance between the electrodes and the active layer components, and from the resis-
tance of the electrodes themselves. For organic solar cells, the relatively low mobilities of
organic semiconductors will lead to further resistance due to the slow movement of gen-
erated charges. Rsh is the resistance of the pathway between the anode and the cathode;
consequently, cells with low shunt resistances suffer from current leakage which reduces
overall cell performance. Shunt resistance can be improved by eliminating the presence
of pinholes in device layers and by including charge-selective layers (electron-blocking
and hole-blocking layers, or EBLs and HBLs respectively) between the electrodes and
the active layer.
The quantum efficiency of a cell is a measure of how many charge carriers are collected
by a cell compared to the number of incident photons and may be broken down into two
quantities: internal quantum efficiency (IQE) and external quantum efficiency (EQE):
EQE is the number of charge carriers generated divided by the number photons incident
onto the cell, whereas IQE is the number of charge carriers generated by photons which
are absorbed by the cell. EQE is usually determined by measuring the optical losses
from a solar cell (from transmission and reflection) and adding these to the IQE. The
IQE is a measure of efficient charge generation, separation, and extraction, and should
approach 100 % for an efficient solar cell, and a comparison with the EQE reveals its
ability to absorb light.
1.3.2 Charge Generation in Excitonic Solar Cells
Although generation of free charges from an exciton at a D–A interface is often depicted
as a simple one-step process, research from the last decade suggests that the actual
process is much more complex and may be broken down into three fundamental steps [29]:
i) transfer of the electron from the donor exciton to the HOMOA or CBA.
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ii) formation of a charge-transfer (CT) state where the newly separated electron and
hole are bound by Coulombic attraction.
iii) thermalisation of the electron, leading to the formation of a charge-separated (CS)
state.
Models for electron transfer have been developed using Marcus Theory [30] as a ba-
sis, whilst those for CT states have been derived from Onsager’s theory of geminate
recombination.
Figure 1.6 – Jablonski diagram representing charge photogeneration in excitonic solar cells,
starting with a S0 → S1 photoexcitation to form a singlet exciton. kCT represents exciton
dissociation to a thermally excited (hot) CT state; kCTtherm is the relaxation of the hot CT
state; kISC is intersystem crossing of the CT state; ktriplet is geminate recombination of
3CT to T1; kGR is geminate recombination of the singlet CT state to re-form S0; kCS∗ is
dissociation of a hot CT state into a CS state, followed by thermal relaxation and migration
from the D–A interface, kCStherm; kCS is dissociation of a relaxed CT state to a CS state;
kBR is bimolecular recombination of separated charges (non-geminate recombination, also
referred to as back recombination) which is a diffusion limited process. CS states may also
re-form CT states, leading to geminate recombination. ∆GCT and ∆GCS are the free energy
changes for formation of CT and CS states respectively from S1. Reprinted with permission
from [29], originally adapted from [31] — © American Chemical Society, 2009.
1.3.2.1 Electron Transfer
Marcus theory is a model for electron transfer between two species, and uses two over-
lapping harmonic oscillators to represent the potential energy surfaces of the reactant (in
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Figure 1.7 – Representation of Marcus electron transfer between two harmonic oscillator
potential energy surfaces, 1D*/A (reactant — photoexcited excitonic state) and D+/A−
(product — separated charge state). D/A represents the ground state of the system. ∆G‡
is the activation barrier for electron transfer at the point of intersection between reactant
and product curves; ∆G◦ is the energy minimum offset between reactant and product; λ is
the reorganisation energy. Adapted from [29].
this case, the photoexcited singlet exciton 1D*/A state) and product (a charge separated
state, D+/A−). The Franck–Condon principle is applied to the system which assumes
that electron transfer occurs on a much shorter timescale than that for nuclear motion
— as such, electron transfer is considered to occur at the point of intersection between
the reactant and product curves, which carries an associated activation energy barrier,
given by:
∆G‡ =
(λ+ ∆G◦)2
4λ
(1.4)
∆G‡ is the activation energy for the reaction, depending on both the free energy
offset of the excited and charge separated states (∆G◦), and the reorganisation energy,
λ which arises from changes in conformation of the system (internal) and changes in
the polarisation of the surroundings resulting from the electron transfer from donor to
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acceptor. The rate constant (ket) may be determined by applying Fermi’s Golden Rule,
such that:
ket =
2pi
~
√
4pi λ kBT
· V 2 · exp
(
−(λ+ ∆G
◦)2
4λ kBT
)
(1.5)
V is a function relating to the degree of coupling between the electronic wavefunctions of
the donor and acceptor — in the case of organic D–A systems, the coupling is considered
to be weak, i.e. smaller than kBT , leading to non-adiabatic electron transfer. It can
be inferred that, due to the exponential dependence in Equation 1.5 on (λ+ ∆G◦)2/λ, ket
increases until a maximum at −∆G◦ = λ where electron transfer carries no activation
barrier. If ∆G◦ increases further, the rate starts to decrease due to increasing activation
energy requirements — this effect is referred to as the Marcus inverted region. Equa-
tion 1.5 may be modified to account for donor/acceptor electronic band structures by
integrating ket over the density of states.
1.3.2.2 Charge Transfer States
Figure 1.8 – Simple potential energy diagram
for geminate recombination/autoionisation in
a photoexcited system. The green potential
curve represents the Coulomb attraction be-
tween an electron and hole, and the blue curve
the potential energy for an excited, mobile elec-
tron generated by hν. rc is the Coulomb cap-
ture radius and a is the thermalisation length
of the excited electron.
After the initial charge transfer of an elec-
tron from donor to acceptor (as detailed
above), a bound electron–hole pair (CT
state) may be formed if the free charges are
not effectively screened by the donor and
acceptor materials, as is the case for low 
organic systems. A failure to break up the
CT states will result in geminate recombi-
nation of the electron and hole. Onsager’s
model for geminate recombination — illus-
trated in Figure 1.8 — can be applied to
these systems: photoexcitation of the donor
species generates an exciton comprised of
a localised hole and a mobile, electroni-
cally excited electron which thermalises at
a distance, a, from the hole; at this point
the electron may either escape or recombine
with the hole. The Coulomb capture radius,
rc, is the distance at which the Coulom-
bic attraction between electron and hole is
equal to kBT , thus the point at which a CT
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state may be dissociated by thermal energy; if a is greater than rc, it can be consid-
ered that all excited electrons escape; if the converse is true (as is the case for most
organic–organic systems), the electron–hole CT states can either recombine or undergo
dissociation. rc is defined as:
rc =
e2
4pi r0 kBT
(1.6)
e is the charge of an electron, r the dielectric constant of the material, and 0 the
dielectric permittivity of free space. As Equation 1.6 shows, recombination is strongly
dependent on the electronic screening of charge, and high r materials favour effective
charge separation, as stated in Section 1.3.1. In the case of an excitonic solar cell,
CT dissociation can be modelled in terms of electric-field dependent escape probability,
P (E) — the strength of the electric field, E, is assumed to be low, a valid assumption for
organic D–A systems. The original Onsager model in Equation 1.7 has been modified by
Braun to take into account the fact that CT states have a finite lifetime and that the CT
dissociation process is reversible6. As a result, P (E) depends on the rate of geminate
combination, kd(E). The Braun-modified model is given below in Equation 1.8:
P (E) = exp
(−rc
a
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e rc
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E
)
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∆E =
e2
4pi〈r〉0 a
b =
e3E
8pi〈〉0 k2BT 2
where τ(E), the lifetime of the CT state; 〈µ〉, a spatial average of electron and hole
mobilities in their respective materials; 〈r〉, a spatial average of the materials’ dielectric
constants; ∆(E), the Coulombic force between electron and hole after thermalisation.
6Onsager’s model was originally developed for geminate recombination in the solution phase in which
the rate of electron–hole pair re-formation is negligible. However, in a solid-state OPV system where
materials have relatively low carrier mobilities, CT state separation must be considered a reversible
process.
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Although the Onsager and Braun models have proved useful for predicting charge gener-
ation behaviour in OPVs, these models do neglect several factors and fail under a number
of conditions, e.g. in systems with highly asymmetric carrier mobilities (generally where
µelectron  µhole — this is particularly relevant in the case of hPVs where the carrier
mobility of the acceptor is some orders of magnitude greater than for the donor. In
addition, the model also neglects reorganisation energy, a key concept used in the Mar-
cus model for the initial electron transfer process, and the presence of interfacial dipoles
which may change the electron–hole Coulombic energy profile. However, the standard
Braun model has proven to be a good tool for initial analysis.
1.3.3 Architecture
Figure 1.9 – Representations of different OPV architectures. i) and ii) display normal
and inverted architecture, respectively. iii) – v) show variations in the structure of donor–
acceptor layers: iii) is a bilayer system; iv) a BHJ with a blended active layer; v) an ordered,
interdigitated interface. These representations, in particular iv) are heavily simplified: in
reality, the microstructure tends to be much more complex with regions of varying degrees
of crystallinity and donor–acceptor material mixing [32].
OPV and hPV devices are multilayered structures: a basic heterojunction device con-
sists of 4 functional components: a transparent substrate (glass or plastic), a transparent
bottom electrode, the active layer (containing the donor and acceptor materials), and a
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top electrode (usually a metal). Additional functional layers may also be employed, such
as charge-selective extraction layers at the organic–electrode interface (either EBLs or
HBLs, depending on which electrode interface they are situated). There are two different
types of basic architecture — i.e. the order in which these functional layers are present
in the device — employed in OPVs, illustrated in Figure 1.9 below.
In normal cell architecture, the bottom electrode acts as the hole-extracting layer
(cathode), with the top electrode extracting electrons (anode), whilst in the inverted ar-
chitecture, the roles of these electrodes is reversed. Early work on OPV devices focussed
almost exclusively on devices with the normal architecture — the ubiquitous transparent
conducting oxide (TCO) ITO is the electrode material of choice for OPVs which, due
to its high work-function (typically 4.5 eV [33]), is an efficient hole collecting layer. For
efficient electron collection, low work-function metals such as Ca or Ca/Al are used as
a top contact. In the inverted architecture, ITO becomes the electron collecting layer
which, due to the large energetic offset between the ITO and the typical CB/LUMO of
an acceptor species, can present a larger barrier to charge collection than for the nor-
mal case. A higher work-function metal is used as the top contact in an inverted cell,
usually Ag (4.73 eV) or Au (5.1 eV) [34]. Despite the less favourable electrode energy
alignment in inverted cells, these have usurped the place of normal cells as the favoured
architecture for OPV research due to their improved stability: the necessity of using low
work-function metals in normal architecture is problematic due to the proclivity of these
metals to oxidise when exposed to air and, as a result, these devices tend to degrade very
quickly unless they are appropriately encapsulated. hPV devices are almost exclusively
fabricated with inverted architecture, especially for devices with a discrete acceptor layer
as these are grown directly onto the ITO; however, the fabrication of such devices has
been demonstrated by depositing ZnO onto the donor polymer by pulsed laser deposition
(PLD) [35].
The structure of the D–A heterojunction may also take on different forms, as shown
in Figure 1.9. The simplest case is a D–A bilayer (also referred to as planar) archi-
tecture in which the two materials are deposited as dense, ‘flat’ layers in contact with
each other. In this case, the interfacial area is very small and, due to the short exciton
diffusion length (Lex) of organic donor species — typically less than 10 nm — only a
small fraction of excitons generated in this system will be close enough to the interface
to be able to generate charge; however, due to the simplicity of this architecture, these
cells are often used as a testbed for new device concepts. Most OPV devices contain a
BHJ active layer in which the donor and acceptor materials are blended together and
subsequently cast as a film. This approach generates an intimately mixed active layer
in which the size of the donor and acceptor domains are on comparable length scales
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to Lex, allowing harvesting of a much greater proportion of excitons than in the bilayer
case. However, the inherent randomness of this approach can be problematic: charge
extraction pathways can be relatively long and inefficient, leading to recombination of
separated charges; large regions of donor or acceptor material may be formed during
casting rather than mixing more thoroughly; over time, phase separation of donor and
acceptor may occur. Therefore, it is seen as advantageous to have a nanostructured,
ordered active layer with features separated by distances comparable to Lex, leading to
a large interfacial surface area with continuous charge extraction pathways — this form
of heterojunction is one of the driving forces for research into hPVs due to the relative
ease of creating nanostructures of inorganic materials compared to organic materials.
Nanorods (NRs) and 3-dimensional ordered macroporous (3DOM) structures are the
mostly widely researched nanostructures for use in photovoltaic applications.
Also of interest are tandem cells which combine two different solar cells into one
device [36] — for such a system, the Voc is equal to the sum of the Voc for the individual
cells, and it is possible to design a cell with complementary absorbing materials in each
separate layer, allowing absorption of light over a wider range of the solar spectrum;
however, there are a number of engineering challenges relating to cell fabrication and
connecting the two cells. As of 2014, the highest efficiency tandem cell was recorded
at 11.5 % [37]. Another promising, novel approach involves tandem hybrid cells which
combines an inorganic cell with an OPV component — in this type of system, the
inorganic material (such as CIGS) will typically have a lower band-gap than the organic
material which allows a better range of absorption than an all-organic tandem device as
stable, low band-gap organic absorbers have, to this point, been difficult to design and
synthesise [38].
1.4 Hybrid Photovoltaics
hPVs are closely related to OPVs in that the organic acceptor species is replaced with
an inorganic material such as CdS, CdSe, PbS, TiO2, or ZnO which exploits the higher
electron mobility and chemical stability that these compounds offer compared to their
organic counterparts; additionally, enhancement in photocurrent is expected for devices
with narrow band-gap semiconductor materials which also contribute to visible light
absorption. Both bilayer and bulk-heterojunction blend (using inorganic nanoparticles
(NPs)) architectures are common, as for OPVs; however, one of the main attractions
of hPVs is the ability to incorporate ordered, nanostructured arrays of the inorganic
acceptor ideally with structural spacing comparable to the Lex of a donor polymer. ZnO
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is particularly favoured in this regard as a huge variety of nanostructures may be grown
using a number of different of solution and vacuum-based deposition techniques — this
will be covered in more detail in Section 1.4.1. It should be noted that it has become
common practice to incorporate wide band-gap metal oxides — particularly ZnO and
its doped derivatives — as functional layers in OPVs. These devices are not considered
to be ‘true’ hPV cells as the primary role of the inorganic layer is not as an acceptor
material.
Figure 1.10 – Simple flat-band energy level diagram for a typical inverted
ITO/ZnO/P3HT/Ag device. Eg is the band gap, φ the work function; qVoc the maxi-
mum open-circuit voltage that the device may attain; ∆E the energetic offset between the
LUMOD and CBA.
The work in this report focusses on hPV devices incorporating ZnO as a functional
layer; this section contains reviews of the material properties of ZnO (Section 1.4.1), and
reviews of the use of ZnO in both OPVs (Section 1.4.2) and hPVs (Section 1.4.3).
1.4.1 Zinc Oxide
As stated in Section 1.4, a number of different materials may be used as an inorganic ac-
ceptor in hPV devices: narrow band-gap semiconductors7 CdS [40], CdSe [41], CdTe [42]
7Nanoparticles of these materials, particularly PbS, are also used as sensitisers for quantum dot-
sensitised solar cells (QDSSCs) [39] — the band gap of QDs may be modulated through the particle size
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(II–VI semiconductors), PbS [43] (IV–VI), CuInS2 [44] NPs have been used to create
BHJ-type hPV devices — branched NPs of these materials may also be grown to in-
crease the interfacial area in these devices [45]; Si has also been investigated as an accep-
tor material [46]. Although these materials may contribute significantly to photocurrent
generation due to their narrow band-gap (absorption in the visible range), growth of
solid arrays of these materials has proved to be challenging, and the the toxicity of ele-
ments such as Pb, Cd, and Se are a cause for concern. In contrast, the wide band-gap
semiconductors ZnO [47], TiO2 [48], do not contribute significantly to light absorption,
but solid thin-films and nanostructured arrays are much easier to synthesise using these
materials — especially ZnO — and the raw materials are both cheaper and generally
much less toxic.
ZnO is a versatile material with a unique set of properties which make it suitable
for variety of different applications, from a UV-absorber in sunscreen to an n-type semi-
conductor in electronics. Such properties include: wide, direct band-gap ∼ 3.3 eV; high
exciton binding energy ∼ 60 meV; piezoelectric properties (suitable for use in sensors,
actuators, and transducers); strong luminescence; sensitivity of surface conductivity to
adsorbate (appropriate for sensing applications); relatively high electron mobility; high
thermal conductivity; hardness to radiation. This section covers the main properties
of ZnO and their origins, and includes a comparison to TiO2, which is often used in
photovoltaic applications and has become the acceptor material of choice for DSSCs.
1.4.1.1 Structural Properties
There are three polymorphs of ZnO: wurtzite (hexagonal), sphalerite (also known as
zinc blende), and rock salt (both cubic). The latter two forms of ZnO are metastable —
the sphalerite form may be grown epitaxially on cubic substrates, whereas the rock salt
form requires high pressure (∼ 10 GPA) [49]; in this work, ZnO was grown exclusively
in the wurtzite structure. Hexagonal ZnO belongs to the space group P63mc and has
a coordination number of 4:4 with Zn2+ ions filling half of the tetrahedral holes in the
structure. The crystal structure of ZnO is depicted in Figure 1.11 below, reproduced from
structural coordinates determined by Rietveld refinement of diffraction data collected
from ZnO powder [50].
The wurtzite structure consists of two interpenetrating hcp sublattices, with each
sublattice containing a displaced atom along the C3 axis by 3/8 with respect to the
other [49]. Bonding in ZnO is tetrahedral through sp3 hybridisation of the anion and
as opposed to doping, allowing tuning of light absorption.
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Figure 1.11 – Stick-and-ball crystal structures for a) ZnO; b) ZnO, as viewed down the
c-axis (002) plane; c) anatase TiO2. The red spheres represent O
2− ions, the grey spheres
Zn2+ ions, and purple spheres Ti4+ ions. ZnO structure is reproduced using structural
coordinates determined by Yamashita et al. [50], and TiO2 from structural data determined
from powder diffraction carried out by Burdett et al. [51]. Structural was data obtained from
the Inorganic Crystal Structure Database (ICSD), and the crystal structure was generated
using the VESTA programme [52].
cation atomic orbitals, although due to the reasonably large disparity between the Paul-
ing electronegativities of Zn and O (1.65 and 3.44 respectively [53]) there is a large ionic
contribution to the bonding which has a significant effect on the electronic properties of
the material. Typically, the Zn–O bond length in the structure will be around 1.98 A˚.
One of the main attractions for using ZnO in polymer solar cells and other applica-
tions requiring large surface areas (such as sensing) is the relative ease of growing a wide
range of nanostructures, usually by solution-based methods. These include, but are not
limited to: NPs, NRs [54], 3DOM inverse opals [55], nanowires (NW) [56], platelets [57],
honeycomb [58], nanohelices [59], nanotubes [60], and tetrapods [61]. Due to the crystal
anisotropy of ZnO, nanostructures generally arise from highly preferential growth — for
example, ZnO NRs grown by hydrothermal growth grow up the c-axis, thus exhibiting
almost complete preference for (002) orientation — through careful control of the com-
position growth solution, lateral growth is inhibited leading to the vertical growth of
NR arrays relative to the substrate. Control of the conditions also allows tuning of the
physical properties of the NRs, such as length and aspect ratio.
1.4.1.2 Electronic Properties
The n-type conductivity of ZnO is intrinsically linked to its rich defect chemistry which
is described below in Section 1.4.1.3; the conductivity of ZnO is highly variable, with a
maximum carrier concentration of around 2 x 1021 cm−3 in heavily doped material [62],
compared to a ‘typical’ bulk value of 1 x 1017 cm−3 [63], thus making ZnO a suitable
material for a wide range of optoelectronic applications. The bulk electron mobility
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for ZnO is relatively high with a typical value of 205 cm V−1 s−1. Although this fig-
ure is usually lower for thin-films, electron mobilities still remain at a viable level for
a variety of applications, especially compared to competing materials such as a-Si: for
example, ZnO-based thin-film transistors (TFTs) have been fabricated in ambient con-
ditions using atomic layer deposition (ALD), yielding high field-effect mobilities of over
12 cm V−1 s−1 [64], whereas devices fabricated by vacuum-based magnetron sputtering
have possessed higher mobilities of around 70 cm V−1 s−1 [65]. It has been suggested
that the surface conductivity of ZnO can differ significantly to that of the bulk due to
higher densities of defects [66, 67, 68]: this can play a significant role in the transport
properties of the material and may affect transport measurements as well as the perfor-
mance of ZnO-based electronic devices.
Due to the non-centrosymmetric nature of the ZnO crystal structure, ZnO is a piezo-
electric material (i.e. application of mechanical stress will induce electrical polarisation
in the material), with polarisation occurring along the c-axis; the piezoelectric tensor for
ZnO is extremely high for a tetrahedrally bonded material and is comparable to mate-
rials such as GaN and AlN [62]. As a result, ZnO has attracted interest in applications
such as sensing and as piezoelectric nanogenerators due to the low cost of the material
and due the facile growth of nanostructured arrays.
1.4.1.3 Defects
ZnO has a rich defect chemistry which governs its electronic properties — both native
(lattice defects involving only constituent atoms, otherwise known as intrinsic defects)
and extrinsic defects play a significant role in the properties of ZnO. A shallow defect
centre relates to a species which lies within the band gap close to the CB or VB maxima
band edges (for a donor and acceptor, or n- and p-dopants respectively) and are expected
to be thermally ionised at room temperature. Conversely, deep levels lie further within
the band gap and are generally not ionised at room temperature, but may be activated
by other means.
1.4.1.3.1 Intrinsic Defects
Native point defects observed in ZnO in order of increasing formation energy are: oxy-
gen vacancies (VO), zinc vacancies (VZn), zinc interstitials (Zni), zinc anti-sites (ZnO),
oxygen interstitials (Oi), and oxygen anti-sites (OZn); VO, Zni, and ZnO act as donor de-
fects, whereas Zni, Oi, and OZn are acceptor defects [69]. For a long time, VO were cited
as the origin of the unexpected n-type conductivity of ZnO [70] due to the observable
effects of oxygen partial pressure on conductivity and their low enthalpy of formation;
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however, more recent research has cast doubt on this conclusion with most calculations
showing that VO is, in fact, a deep centre which therefore cannot contribute to the room
temperature conductivity of ZnO [71, 72]. Recent research has proposed that the in-
herent n-type conductivity observed in ZnO arises from unintentional extrinsic doping
of hydrogen: due to its small size, H is expected to be incorporated into most systems
and in most cases is expected to act as an amphoteric impurity, forming H+i in n-type
materials and H−i in p-type materials, i.e. acting contrary to the n- or p- character of
the semiconductor; however, in ZnO, it has been proposed that H always exists in its
donor form, H+i , and acts as a major source of conductivity [69]. Hydrogen can form
an –OH species within the lattice, allowing it to act in an analogous fashion to Group
VII (halide) dopants such as F and Cl. Controlling the presence of H in systems is not
a trivial matter due to the element’s ubiquitousness, and therefore it has been difficult
to demonstrate this effect in experiments, although work by Baik et al. has shown some
some evidence for the correlation of H incorporation with conductivity [73]; overall, this
hypothesis is a compelling one, considering that most ZnO synthesis provides plenty of
opportunity for unintentional H incorporation, especially for cases where ZnO is grown
from an aqueous environment.
1.4.1.3.2 Extrinsic Doping
As discussed above, the unintentional incorporation of hydrogen as an extrinsic n-type
dopant in ZnO is thought to give rise to its semiconductivity. As a result, controlling the
semiconducting properties of ZnO is a serious challenge, especially for solution-based pro-
cesses which are generally less easy to control than vacuum techniques such as PLD and
ALD. However, extrinsic n-type doping is often used to stabilise the electronic properties
and increase its conductivity. Doping in ZnO may be substitutional (directly replacing
the Zn2+ cation) or interstitial; in the case of some dopants such as Li, they may be both
substitutional and interstitial.
The band gap of ZnO may be modulated by incorporation of +2 ions as Zn sub-
stituents: alloys of ZnO with small atoms such as Mg [74] and Be have been shown to
augment the band gap [75]: Ohtomo et al. reported a band gap of 3.99 eV for a Mg
concentration of ∼ 33 %at [76] before the material underwent a transition to a cubic
phase at higher concentrations; film resistivity tends to increase with increasing Mg con-
centration. Addition of Cd has been shown to reduce the band gap, as well as increasing
the a and c lattice parameters due to the larger size of the Cd2+ ion; in the CdZnO alloy
system, the band gap contraction is expected to occur mostly through a lowering of the
CB band-edge, rather than through a raising of the VB [77]. Experimentally, Makino et
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al. have shown that doping 7 % of Cd into ZnO by PLD yielded a band gap contraction
to 3.0 eV [78].
The Group III elements B [79], Al, Ga, and In [80] are widely used shallow donors for
ZnO due to their tendency to exist as 3+ ions — as these elements substitute directly for
Zn2+ in the lattice, the extra electron is localised on the atom and may be ionised to the
CB at room temperature, thereby increasing the carrier concentration of the material.
For Al and Ga, carrier concentrations on the order of 1020 cm−3 can be attained [81, 82]
whilst maintaining transparency of > 80 % and, as discussed later in Section 1.6.1, these
compounds are being considered for use as cheap alternative transparent conducting
oxides (TCOs) to ITO.
P-type doping of ZnO has been highly sought after to enable the fabrication of ZnO
p–n junctions for used in LEDs and other electronic applications using less expensive
materials than the current industry standard (GaN); however, although p-type conduc-
tivity has been reported by some groups, irrefutable and repeatable evidence of true
p-type ZnO has been hard to come by. The main candidates for p-type doping in ZnO
are the Group IA and IB elements (Li, Na, K, Cu, Ag), and Group V (N, P, As, Sb);
additionally III–V co-doping has been attempted (N:Ga and N:Al) [83, 84, 85] which
leads to the formation of N–Ga–N or N–Al–N acceptor species. Problems with Li and
Na arise from their high mobility within the lattice; additionally, it has been found that
Li may act both as the desired substituent for Zn (thereby acting as an acceptor) and
as a donating interstitial species and is effectively self-compensating [86]. Generally, the
intrinsic donor levels in ZnO may act as ‘killer’ levels, in particular the ubiquitous VO
and Zni, and careful control of these defects, as well as the introduction of dopant species
is required before true p-type ZnO can be realised.
1.4.1.3.3 Surface Defects
As with the bulk, the surface chemistry of ZnO is extensive and, although not well
studied, is of key importance in terms of interfaces: recent research has shown that the
surface defect chemistry of ZnO may have a significant impact on both the surface trans-
port of ZnO (Allen et al. propose that the mobility of electrons at the ZnO surface can
be some order of magnitude smaller than in the bulk [88]), as well as interspecies charge
transfer [87], both of which have implications for the use of ZnO in PV applications.
The extensive surface chemistry of ZnO arises both from native and extrinsic defects,
particularly from the adsorption of hydrogen-containing species and carbon. Addition-
ally, the behaviour of polycrystalline ZnO — which is used more extensively in such
applications than single crystal ZnO — is hard to predict due to the presence of neutral,
Zn-terminated, and O-terminated faces, all of which have different surface properties.
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Figure 1.12 – Model of the ZnO surface cal-
culated by DFT. Oxygen and zinc vacancy na-
tive defects are shown, as well as two variants
of hydroxylate defects, dangling and bridging.
Reprinted with permission from [87]. © 2012
American Chemical Society.
Work by Li et al. considers the Zn-
terminated (0002) face of ZnO, and com-
pares both theoretical data derived from
a number of different models containing
different defect types (by density func-
tional theory, DFT) and experimental
data (from photoelectron spectroscopy,
PES): this work proposes that presence
of VZn (acceptor) and VO (donor) de-
fects and subsequent hydroxylation (par-
ticularly relevant for solution-processed
ZnO) are key to determining the surface
properties, especially the work function.
Hydroxylation may produce two distinct
species: an –OH group that fills a VO
donor site, and a bridging –OH between
two surface Zn atoms. Filling of the donor
VO site leads to an increase in work func-
tion as it negates the donor characteristic of the site; furthermore, the presence of VZn
acceptor levels also increase the work function; this study therefore proposes that such
defects may be detrimental to device performance. Rinke has proposed that the presence
of hydroxylate on the ZnO surface can result in H-bonding between the ZnO and organic
species deposited on the surface, as opposed to more covalent-like chemisorption; as a
result, this hinders electron transfer reactions between the two species [89, 90]. In any
case, it is clear that further modelling of ZnO-based OPV systems must consider both
intrinsic and extrinsic surface doping as it is clear that these play a critical role in the
hitherto unpredictable behaviour of ZnO-based devices.
1.4.1.4 Comparison to TiO2
TiO2 is an n-type, wide band-gap semiconductor also used extensively in photovoltaic
applications and is particularly prevalent as the acceptor in DSSCs and oxide hPVs. TiO2
occurs in three forms: brookite (orthorhombic, Pcab), rutile (tetragonal, P4/mnm), and
anatase (tetragonal, I41/amd) [53], as well as other metastable and high pressure forms.
Anatase, the crystal structure of which is represented in Figure 1.11, is the polymorph
used most extensively in optoelectronic applications. There are many similarities in the
properties between anatase TiO2 and ZnO: TiO2 has a band gap of 3.2 eV [91] and is
transparent in the visible region; additionally, the CB energy level is similar for both
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materials. In terms of electron transport, ZnO is considered to be superior to TiO2 and
generally exhibits high electron mobilities (205 cm V−1 s−1 for bulk ZnO, 20 cm V−1 s−1
for TiO2 [92]). This high electron mobility is a key reason for choosing ZnO for electronic
devices over TiO2; on top of this, ZnO has a more extensive range of nanostructures
available and synthesising nanostructures with TiO2 generally requires more complex
methods. hPV devices containing TiO2 and ZnO are compared below in Section 1.4.3.
1.4.2 ZnO in OPVs
Although OPVs do not employ metal oxides as an ‘active’ (i.e. donor or acceptor)
component, ZnO species have been used extensively in BHJ-type solar cells as trans-
parent electrodes, HBLs, or as optical spacers owing to the favourable band energies,
transparency, good charge transport characteristics, chemical stability, and solution pro-
cessing. As such, it is seen as a viable electrode replacement for ITO or as an HBL for
OPVs with the inverted architecture. Additionally, ZnO has been used as an optical
spacer and is thought to increase light absorption in the device through modulation of
optical in-coupling within the device [93]; however, the efficacy of such layers is debated,
and it has been proposed that optical spacers can only be effective for devices in which
the active layer has not been optimised for absorption [94].
1.4.2.1 Electrodes
Although ITO is the TCO of choice in the electronics industry, a less expensive and
more easily processed replacement is sought after: as discussed in Section 1.2.1, ITO
synthesis is associated with a high GER due to vacuum processing; additionally, ITO
is a solid solution comprising of around 90 % In2O3 — although ITO is an industry
standard material and used extensively as an electrode in commercial applications (such
as for electronic displays), indium is becoming an increasingly scarce (and thereby ex-
pensive) resource. Additionally, ITO is unsuitable for flexible device applications due to
its inherent rigidity.
ZnO has been considered as a potential alternative to ITO due to its relatively low
cost, transparency to visible light, and high conductivity, even in the absence of inten-
tional dopants. For transparent electrodes, ZnO is doped with elements such as Ga or Al
which increase — and, more importantly, stabilise — the conductivity of the material.
Despite the increase in carrier concentration which leads to an increase in light scatter-
ing, these films retain an adequate degree of optical transparency for PV applications.
However, ZnO has its drawbacks as a TCO: whilst ITO is quite resilient and its proper-
ties largely unaffected by harsh processing conditions, the electronic properties of ZnO
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are much more sensitive to changes in both processing and ambient conditions: in par-
ticular, ITO is much more resistant to moisture than ZnO and degrades at a much slower
rate under such conditions. In spite of this, some initial work has been carried out using
alternative TCOs in OPVs: sputtered Ga-doped ZnO (GZO, Ga content ∼ 3 %wt) was
tested by Owen et al. for both normal and inverted architecture P3HT:PCBM devices
[95]. The results showed that, for normal device architecture, GZO cells produced 14 %
of the device efficiency of the equivalent ITO cells which may be partly attributed to the
lower work-function of GZO compared to ITO; however, for inverted architecture, GZO
fared much better with overall PCE of 1.4 % (cf. 2.54 % for a normal architecture ITO
device). Copper phtalocyanine (CuPc)/C60 devices employing a PLD GZO layer have
also been reported, achieving a PCE of 1.25 % [96].
Al-doped ZnO (AZO) has shown to produce device performances on par with ITO
reference devices for the CuPc/C60 active layer D–A blend (1.3 % for AZO with UV–
ozone treatment (UV–O3), 1.1 % for ITO) [97], showing the potential that these films
have as an alternative to ITO. Another approach to this problem has been to use mul-
tilayer ‘sandwich’ electrodes of construction AZO/Ag/AZO or GZO/Ag/GZO in which
the sheet resistances rely on the thickness of the Ag layer. This metallic layer also af-
fects the optical transparency — the layer with the highest transmission (84 %) was an
AZO/Ag (14 nm)/AZO layer. Compared to the single AZO/GZO layers, these multilay-
ers electrodes yielded 57 % and 80 % increases in PCE respectively; additionally, their
growth at room temperature may help to minimise the energy required to produce the
films [98].
1.4.2.2 Hole-blocking Layers
Blocking layers are used in OPVs primarily to increase Rsh in devices by eliminating
short circuit pathways and to increase the charge selectivity of the electrode, leading to
gains in Jsc. Although the bulk of OPV research focusses on normal architecture cells,
in recent years there has been a greater preference for inverted cells: although the main
motivation for this is the removal of the requirement for a low work-function metal top
contact, it also removes the need for a layer of PEDOT:PSS on the ITO contact. In a
normal cell, PEDOT:PSS acts as both an EBL and as a work function modifier for ITO;
however, due to the acidity of the PSS component, degradation of ITO has been observed.
By using an inverted architecture, ZnO can be used as the electrode modifier instead,
leading to a more chemically stable device. ZnO also offers other advantages such as fast
electron transport, and the potential for nanostructured oxide layers which may increase
charge transport in the device. Many groups fabricate inverted OPVs with an EBL of
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PEDOT:PSS on top of the active layer to increase the Rsh of the devices, although more
chemically inert alternatives such as MoOx and WOx are also being researched.
Figure 1.13 – i) and ii) typical OPV devices for normal and inverted architectures respec-
tively, reprinted from [99],© 2013, with permission from Elsevier; iii) transmission electron
micrograph of an inverted P3HT:PCBM OPV with an electrodeposited ZnO HBL between
the bottom ITO electrode and the active layer, reproduced with permission from [100] with
permission of The Royal Society of Chemistry; iv) structure of the polymer mixture PE-
DOT:PSS, reproduced from [101] © 2008, with permission from Elsevier.
Planar ZnO interlayers for OPVs have been produced using a number of different
processing methods such as magnetron sputtering [102], sol-gel deposition [103], NP
spin-coating [104], spray pyrolysis (SP), electrodeposition (ED) [100], ALD [98], and ink
spin-coating [105]. Ink-based deposition techniques are of particular interest as they are
compatible with roll-to-roll processing, a production technique which may be viable in
the future and yield a very high throughput [106]; additionally, due to the low process-
ing temperatures required by the ink-based ZnO deposition methods (< 150 ◦C), it is
possible to use this technique to deposit ZnO on top of the polymer layer in a normal
architecture device without causing major changes in the polymer blend crystal struc-
ture [107].
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Gains in device performance from the presence of HBLs are attributed to a number of
effects: HBLs increase the Rsh by removing short-circuit pathways which makes charge
extraction more selective; fast electron transport in the oxide layer can lead to a more
efficient extraction of electrons from the device; the creation of a cascading electronic
structure from the LUMOD to the electrode which can lead to enhanced separated charge
lifetimes and increase the probability of their extraction. Both the deposition method
and processing of the ZnO films affect both the structural (preferred crystallite orienta-
tion and film texture) and electronic (work function) properties, and these will in turn
affect the efficacy of the HBLs: for example, Schumann et al. noted that the Jsc seemed
to exhibit an inversely proportional relationship to the texture coefficient of the polar
(002) ZnO crystallite orientation. As the different planes exhibit different work functions
and electron affinities, it may be the case that the neutral (101¯ 0) faces may provide a
better energy level match for the LUMOPCBM , thus leading to more efficient charge
extraction for films with greater proportions of this crystallite orientation. The rich
defect chemistry of ZnO often poses problems in electronic devices as the presence of
electron traps can have an adverse effect on device performance: Manor et al. propose
that the O−2 defect is generated when ZnO is kept in the dark, leading to negative space-
charge regions in the layer which lowers both the conductance and Rsh and consequently
has a negative impact on diode behaviour of the device. They propose a course of UV
treatment and reverse bias pulsing to remove these defects, although the authors do not
comment on the long-term efficacy of such treatment [108].
Further improvements to device performance have been achieved by surface modifi-
cation: modification of a NP–ZnO surface at the polymer–oxide interface with C60 has
been shown to improve PCE through improved electron selectivity and inorganic–organic
electron coupling [109]. Yip et al. modified ZnO layers in normal cells with functionalised
benzoic acid at the ZnO–metal interface: this effectively lowers the Schottky barrier to
electron transfer and leads to improvement in device performance. The greatest gains
were obtained when using para-methoxybenzoic acid [110].
In addition to using planar electron extraction layers, groups have experimented with
using nanostructured ZnO in the same role. Essentially, this increases the surface area
of the electrode as well as reducing the average distance from the electron acceptor
molecule to the electrode — the electron transport path length is a limiting factor for
OPVs due to relatively slow electron mobility of organic materials and can lead to losses
in photocurrent. Therefore, electrodes extending into the active layer may allow for the
fabrication of devices with thicker active layers which would exhibit improved light ab-
29
sorption. Different morphologies such as NRs and dye-modified NRs [111, 112], NW [47],
and nanoridge [113] films have been used in this role.
1.4.3 ZnO in hPVs
Using ZnO as an acceptor in lieu of a molecule brings a number of advantages such as
high electron mobility, chemical stability [114], and relatively low-cost of the material
of both materials and processing: to demonstrate the potential of such devices Krebs
et al. have shown that it is possible to produce a working hybrid cell — produced
entirely by non-vacuum solution processing — using industry-compatible methods [115].
Additionally, there is a large number of nanostructures available to ZnO and thus it is
fairly simple to realise an ordered heterojunction device with arrays that not only offer
large, stable interfacial areas, but also may be designed to act as light traps.
Acceptor Type
Voc Jsc FF η Ref.
(V) (mA cm−2) (%)
Bilayer ZnO 0.40 0.31 0.44 0.06 [116]
Bilayer TiO2 0.60 0.85 0.67 0.34 [117]
Nanofibre ZnO 0.49 2.15 0.39 0.51 [118]
Nanofibre TiO2 0.62 1.89 0.50 0.59 [119]
DEZ ZnO-NPs
0.75 5.20 0.52 2.00 [120]
(Blend)
Bilayer ZnO
0.32 1.10 0.50 0.18 [121]
(PCBA modification)
300 nm NR-ZnO 0.38 2.91 0.50 0.55 [122]
600 nm NR-ZnO 0.54 2.67 0.53 0.76 [123]
Porous ZnO 0.36 2.18 0.44 0.35 [124]
SWNT/ZnO NW 0.46 2.30 0.63 ∼ 0.60 [125]
Table 1.2 – Device characteristics for different oxide:P3HT hPV devices, including ZnO and
TiO2 device comparison, nanostructured, and modified devices. DEZ stands for diethylzinc,
an organometallic ZnO precursor; SWNT refers to single-walled carbon nanotubes.
Despite their promise, hPV devices do not perform as well as OPV devices. Although
NP:polymer composite blend devices have been made which exhibit PCEs comparable
30
to P3HT:PCBM — 2.0 % for ZnO:P3HT [120] and 3.09 % for CdSe:P3HT [126] —
structured array devices fare much less well. ZnO NR array devices have reached a PCE
of 0.82 % [123], a figure not commensurate with the large increase in D–A area over a
simple bilayer device.
1.4.3.1 Nanoparticle Bulk Heterojunctions
BHJ-type ZnO devices which use blends of oxide NPs and polymer have achieved better
PCEs than any of the bulk film devices: although the material network may be con-
sidered to be formed in a somewhat fortuitous manner compared to a structured array,
their performances are quite promising despite of lagging behind their OPV counter-
parts. Beek et al. have carried out extensive work in this area, firstly using differ-
ent polymers and optimising the blend composition: the group found that the optimal
blend for P3HT contained 26 %vol ZnO (PCE 0.92 %) [127], compared with 30 %vol
ZnO (PCE 1.6 %) for the semiconductor poly[2-methoxy-5-(3,7-dimethyloctyloxy)-1,4-
phenylenevinylene] (MDMO-PPV) [128]; the performance of these devices is highly de-
pendent on the ZnO content [129] and, interestingly, these optimised volume fractions of
ZnO are low vis-a`-vis polymer:PCBM blends (for example, optimal P3HT:PCBM blends
typically employ 40 – 50 %vol PCBM)8 [130]. Further work on the MDMO-PPV:ZnO
system determined that the hole mobility hamstrings the performance of these devices
— this is in contrast to MDMO-PPV:PCBM systems in which the hole mobility of the
polymer increases due to intercalation of PCBM; as ZnO cannot intercalate in the same
manner, it cannot affect the electronic properties of the polymer in this way [131].
Conventional ZnO NP synthesis is a rather time-consuming process [132], although
the efficiency of the process may be accelerated by using the precursor diethylzinc (DEZ)
which hydrolyses to form ZnO in the presence of water [133] — DEZ is blended with the
polymer and deposited on the substrate, followed by a short aging process which allows
devices to be fabricated on a very short timescale. Work on this method by Moet et al.
has been encouraging with the best device yielding 1.4 % PCE under standard illumi-
nation conditions. Oosterhout et al. used electron tomography techniques to map the
3-dimensional distribution of P3HT and ZnO in DEZ-derived NP blends which showed
that finer phase domains existed for thicker blend layers, reflected in improved device
performances with increased active layer thickness [120] (this behaviour is contrary to
8Recent studies into polymer:PCBM systems suggest that the blend microstructure in these films is
much more complex than originally thought [32]; as such, this model is not analogous to the ZnO:polymer
mixture given the inherently crystalline nature of the oxide NPs.
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that observed in P3HT:PCBM blend devices: thicker layers tend to diminish device per-
formance as extended free charge path lengths in low carrier mobility systems increase
the probability of non-geminate recombination). The best device in this work yielded a
PCE of ∼ 2.0 % and a reasonable Voc of 0.75 V (cf. 0.5 – 0.6 V for a ‘good’ ZnO NR hPV
device). However, in general, ZnO NP devices have so far lagged behind those using NPs
of semiconductors such as CdS and CdSe: these are narrow band-gap semiconductors
which absorb in the visible spectrum, whereas ZnO absorbs in the UV range, and as
a result the narrow band-gap semiconductors contribute to visible light absorption and
exciton generation, rather than acting purely as an acceptor.
Surface modification of the ZnO NPs is an effective route for enhancement of device
performance: such work has been carried out using dyes such as porphyrins and safranin-
O. Said et al. created ZnO:P3HT blends using NR particles and grafted the porphyrins
onto the oxide surface, primarily aiming to increase the spectral response of the devices.
Despite the complementary absorption afforded by the dye, device performance fell with
increasing dye concentration as it was found that the presence of the porphyrin encour-
aged aggregation of the ZnO NRs as well as introducing trap states between the dye and
the oxide, thus leading to a greater rate of recombination [134]. Suresh et al. incorpo-
rated the organic dye safranin-O into ZnO:poly(3-phenylhydrazonethiophene) (PPHT)
devices leading to a large increase in device performance by over 4.5 times, attributed
to the presence of a wider absorption spectrum and through increasing the degree of
exciton dissociation [135].
Lastly, with the recent surge in research funding for graphene, composite NPs of
graphene:ZnO have been tested as an acceptor species: for a device with 15 %wt
graphene:ZnO in P3HT, the device characteristics seem promising with a high Voc of
0.81 V and a PCE of 0.98 %, albeit with poor diode behaviour (FF of 0.25) [136].
1.4.3.2 Nanostructure Array Heterojunctions
As previously stated, ZnO may form a wide range of nanostructures and, consequently,
devices employing NRs [137], nanoporous arrays [138], nanofibres, NWs, nanodisks [139],
and NPs have been made in an attempt to increase the interfacial area. There is also
interest in single nanowire cells, where the donor is grafted onto the oxide surface [140]
— ZnO NWs may potentially yield loss-free electron transport and thus are a material of
great interest for electronic applications in the future. ZnO NRs have been well studied
for a number of applications, especially for photovoltaics: control of growth and rod
characteristics (length, aspect ratio, etc.) may be attained by varying growth conditions
and seed layer grain size. Rod growth has also been demonstrated on different substrates
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Yin et al. fabricated some electrodeposited NR array devices on reduced graphene oxide
(rGO) a potential TCO alternative to ITO with an optimised PCE of 0.31 % [141].
TiO2 NRs, whilst also desirable, have been harder to obtain by simple solution pro-
cessing methods: titania-based arrays often require more convoluted methods, such as
the use of anodised templates [142] and, although hydrothermal growth (similar to the
methods used for ZnO) of titania NRs has been reported, the methods do not possess
the same degree of control as those for ZnO [143]. TiO2 NRs may be grown in solu-
tion (as a suspension, rather than an ordered array) and incorporated into HPVs, as
demonstrated by Lin et al. who created a TiO2 rod:P3HT blend followed by infiltration
into a ZnO NR array; in addition to this, devices containing this blend were also made
from ZnO NR arrays which had been coated in a thin layer of these TiO2 rods. Such
treatment led to increases in Jsc of between 6 – 9 times and the highest PCE achieved
was 0.59 % [144]. Efficiencies of ZnO NR devices have slowly increased as improvements
to polymer infiltration and the quality of the arrays have been made with the highest
reported efficiency being 0.82 %.
1.4.3.2.1 Polymer Filling of Nanostructures
Complete infiltration of nanostructured arrays with donor material is one of the main
challenges with these devices — incomplete filling will result in poor device performance
due to poor polymer–oxide contact or disruption of charge transport due to film discon-
tinuity. Olson et al. have investigated polymer filling of NR devices, emphasising the
importance of polymer processing conditions in achieving good structural infiltration,
as well as additional post-process annealing steps to enhance the charge mobility. De-
vice PCEs in this work ranged from 0.17 % to 0.28 %, the best performance achieved
for spin-coating of P3HT dissolved in dichlorobenzene followed by annealing at 225 ◦C
[145]: this step leads to polymer melting and allows the liquid to fill the nanostructure
before crystallising during the cooling phase. The authors also note in this work that
the differing polarity of the ZnO faces may directly affect polymer infiltration due to
the use of apolar solvents during processing. This is confirmed by Conings et al. who
probed mobility in ZnO NR/P3HT systems using impedance analysis: the authors note
that polymer stacking on the non-polar (101¯ 0) face of the ZnO NRs is not conducive to
fast transport in the normal direction [146].
A number of papers have been published on the subject of polymer filling of TiO2
nanostructures, an important consideration for solid-state DSSCs (SSDSC). The content
of these papers also bears relevance to the filling of similar ZnO nanostructures as the
confined space can affect polymer conformation and, therefore, charge mobility and Lex.
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The anode for the Gra¨tzel–ORegan cell consists of a mesoporous TiO2 layer, usually
prepared either by sintering of a TiO2 NP paste [147], or by block co-polymer assisted
synthesis [148]. Such arrays usually have a very high surface area, owing to small pore
sizes which are around 5 – 30 nm in diameter; however, whilst these films are excellent
in DSSC applications which use a liquid electrolyte, the labyrinthine structure and lack
of some form of order may be problematic when it comes to polymer infiltration for
SSDSC or hPV fabrication: difficulties in this process may arise when the structural
pores are smaller in diameter than the radius of gyration of the polymer — this forces
a loss in the conformational entropy of the chain and can impede infiltration [149]. On
top of this, the confined space also prevent the polymer from crystallising in the desired
fashion (through chain stacking), forcing the chains to coil up which will both disrupt
the intermolecular coupling and break conjugation between the residues, leading to large
losses in charge mobility. As a result, the hole transport through the organic layer is
slow, increasing the probability of charge combination which, in turn, will lower device
performance; however, Coakley et al. have noted that there was a significant increase in
performance for mesoporous TiO2 hPVs over planar devices as the increased interfacial
area [150] and the concomitant rise in the efficiency of exciton harvesting outweigh the
losses in charge transport.
1.4.3.3 ZnO Processing
As covered in Section 1.4.1.3, ZnO has a rich defect chemistry which leads to highly
variable electronic properties: the work function of ZnO can span over a range of 1 eV
(with values ranging from ∼ 3.5 eV to ∼ 4.7 eV) and surface defects can lead to signif-
icant degrees of band-bending which, likewise, will profoundly affect device behaviour.
Consequently, these properties are sensitive to deposition method, processing conditions,
and post-processing treatment, although it is not easy to isolate the precise effect of a
single property on hPV performance. For example, work by Olson et al. highlights vari-
ability of surface electronic properties in ZnO — sol-gel-derived ZnO films were treated
either by annealing at 150 ◦C in air or by UV–O3 treatment (which greatly increases the
hydrophilicity of the substrate) with the annealed devices performing much better than
those treated with UV–O3 (PCEs of 0.09 % and 0.02 % respectively) [151], although
results from untreated ZnO were not stated. This work was followed up by fundamental
photoelectron studies on both ZnO single-crystal and NR arrays, showing that UV–O3
treatment may introduce interfacial dipole moments on the NRs; in addition to this, it
also highlights the differences in electronic structure of the different ZnO crystal faces
[152]. This must be taken into consideration for devices which employ polycrystalline
ZnO as the polymer–oxide interaction will be different for the non-polar and polar faces,
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and thus the nature of this interface will vary depending on the crystallite orientation
ratios of the different ZnO films. Plank et al. investigated the effects of both deposition
method (SP, oxidation of sputtered Zn) and thickness of the ZnO backing layer on the
performance of ZnO NW cells: the result was a significant variation in device perfor-
mance, especially in Voc. Whilst this may partially be attributed to the differences in
film morphology and presence of pinholes, the differences in processing will affect the
electronic properties of the films [153].
1.4.3.4 Oxide Engineering
Changes in electronic and structural properties of ZnO, such as band gap, carrier mobil-
ity, carrier concentration, and preferential crystallite orientation may be brought about
through extrinsic doping within the crystal lattice (this is covered in Section 1.4.1.3.2).
ZnO layers doped with Li, Mg, and Ca have been reported for hPV devices: those in-
corporating these films have generated significantly better performances than those with
undoped ZnO. Lloyd et al. have reported relatively high device efficiencies (the highest
PCE measured being 0.44 %) for planar sol-gel Zn1−xLixO/P3HT cells, the optimum Li
concentration lying around 15 – 20 %at [154]. Although Li acts as a shallow acceptor
when substitutionally doping for Zn2+, it may also occupy interstitial sites in the lattice,
in which case it acts as an electron donor and increases the film carrier concentration; the
site occupation preference depends on the doping concentration of Li+, and therefore it
is difficult to ascertain the true nature of the film. In this paper, Li incorporation is seen
to decrease the work function and induce a slight increase in CB energy, although the
optical band-gap does not change significantly from that of undoped ZnO. Additionally,
grazing incident x-ray diffraction (GIXD) data show that P3HT on Zn1−xLixO exhibits a
better degree of order than for the pure ZnO films, although the exact origin of the effect
is unclear; nevertheless, this would also contribute to increases in device performance.
Ruankham et al. have extended this approach, synthesising Zn1−xLixO NRs through hy-
drothermal growth. Increases in PCE were not as great as in the case of bilayer devices
with the greatest increase in PCE being 0.26 % to 0.37 % for a doping concentration of
5 %at. Electron energy loss spectroscopy (EELS) data showed that incorporation of Li
into the structure was not uniform and that undoped ZnO growth was preferred until
the relative solution concentration of Zn2+ to Li+ decreased sufficiently to drive incor-
poration of the latter into the structure. Again, in this case Li uptake occurred on both
Zn and interstitial sites, depending on the Li+ concentration in the chemical bath [155].
Mg and Ca may substitute for Zn within the ZnO lattice; as these species prefer-
entially adopt the same oxidation state as Zn (2+), the conductivity is not expected
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to change significantly; however, the introduction of both Mg2+ and Ca2+ into the lat-
tice yields an increase in optical band-gap, which has been shown to occur due to a
shift of the CB level closer to vacuum [156]. This effect may be exploited to tune the
HOMOD–CBA offset which, in turn, affects the Voc of the devices — for Mg doping,
values ranged from 0.5 V for undoped ZnO to over 0.9 V for a 65:35 Zn:Mg ratio [157];
it should be noted, however, that increased Mg content increased the Rs of the devices,
leading to a progressive decrease in FF. The optimal composition for these devices was
found to be Zn0.75Mg0.25O: devices were made with both low molecular weight (Mw)
P3HT (11,000 g mol−1) and Rieke Metals P3HT (49,200 g mol−1) and, for the former,
doping increased the cell performance almost two-fold. The maximum PCE obtained for
these devices — using 25 %mol Mg content and the heavier P3HT — was 0.49 %, an
extremely high value for a bilayer device, eclipsing the performance of many reported
nanostructured devices. Ca doping reported by Wang et al. [158] yielded similar results
– increasing band-gap with Ca content to a doping limit x = 0.10 and a concomitant de-
crease in work function. PCE was observed to double from 0.06 % to 0.12 %, mainly due
to a large increase in Voc from 0.56 V to 0.80 V [158]; however, electrical measurements
were not carried out to probe changes in film resistivity with doping concentration.
Whilst the works detailed above focussed on bulk doping of ZnO, Oh et al. took a
different approach to doping, aiming to dope the the ZnO surface with N3−, leading to
passivation of surface O vacancies [159] — this compensates for these donating vacancies
and prevents them from acting as interfacial electron traps. This was carried out on a
NR array of ZnO by using a nitrogen plasma, allowing complete treatment of the ZnO
surface. The filling of oxygen vacancies by N led to the formation of a resistive surface
layer which acts as a recombination barrier, seen in the significant reduction of J0. In
terms of device performance, although the Jsc was reduced slightly, the Voc increased
from 0.30 V to 0.71 V, leading to an overall increase in PCE.
1.4.3.5 Suitability of Oxide Acceptors in OPV Systems
Although a significant amount of research has been carried out into ZnO-based hPVs,
there is still not a consensus as to why inorganic materials seem to be less suitable
acceptor species than molecular materials or, indeed, why ZnO-based devices perform
less well than those using TiO2 as an acceptor. Noori and Giustino’s paper modelling
the ZnO:P3HT interface concludes that charge transfer should occur readily from P3HT
to ZnO, and the band alignment in this system is such that the maximum Voc should
be 2.07 V [160]. However, this work neglects to include defects in the model. An
experimental interfacial band alignment study into this system by Nagata et al. found
that the maximum Voc for their system would be around 1.50 eV, although this is
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diminished by high rates of recombination due to the short depletion layer in ZnO which
prevents charges from being sufficiently spatially separated.
As covered in Section 1.4.1.3.3, the theoretical and experimental study by Li et al.
into the role of surface defects in the electronic behaviour of ZnO suggest that –OH
groups formed from VO could be detrimental to device performance [87]; moreover, the
presence of –OH groups is thought to affect the interaction between organic and inorganic
species, potentially leading to less favourable conditions for charge transfer [90]. A study
by Tiwana et al. investigating the rate of electron injection from the Z907 dye into
TiO2, SnO2, and ZnO by optical pump terahertz probe spectroscopy showed that charge
injection from the dye into ZnO is a slower process than for injection into TiO2, despite
the fact that VB and CB levels are at very similar energies for each material9 [161].
Although the precise reason for this effect is not elucidated in this work, the authors
posit that poor electronic coupling between ZnO and the dye (cf. TiO2) could lead to
the observed effects — this could potentially be related to different modes of bonding
between the dye and the different oxide species.
Work by Piris which uses time-resolved microwave conductivity (TRMC) measure-
ments to analyse charge dynamics in Mg:ZnO–P3HT devices (including results for un-
doped ZnO) has suggested that there is not a significant contribution to photocurrent
arising from exciton quenching at the D–A interface for both doped and undoped ZnO
[162]; the authors propose that photocurrent in these systems is generated predominantly
through auto-dissociation of excitons in the P3HT bulk. Although this work does not
give a hypothesis as to why exciton quenching in this system is poor, a number of factors
may be considered: poor electronic overlap between the donor and acceptor materials;
unfavourable polymer conformation at the interface; poor P(E) for charges in CT states.
It may be the case that P3HT is simply an unsuitable species to pair with ZnO, although
reports of hPV devices with polymers other that P3HT are few and far between.
1.4.3.6 Interface Modification
Interface modifiers (IMs) have been used extensively in hPVs to change the properties
of the oxide surface leading to improvements in device performance. The application
of IMs can have a number of effects on the oxide depending on the species used, and a
single IM can produce one or more of the following effects:
i) Introduction of a surface dipole (δ) which can change both the work function of the
oxide and shift in the conduction band-edge, affecting the D–A orbital offset and,
therefore, Voc and ∆E.
9Although this study relates specifically to the dye–metal oxide complexes used in DSSCs, some of
the principles may hold for polymer–oxide charge transfer.
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ii) Use of a species with high electron affinity can enhance the rate of electron transfer
to the oxide — such a species will also create a surface dipole and can also increase
the depletion length in the oxide.
iii) IMs with an acceptor level lying between the LUMOD and the CBA can create a
‘cascading’ band structure at the interface and increase the lifetime of separated
charges.
iv) Some IMs can provide a spatial barrier for separated charges, reducing the proba-
bility of recombination.
v) IMs can act to passivate traps in the oxide which may reduce recombination.
vi) High surface energies can affect polymer conformation at the D–A interface, lead-
ing to reduction in properties such as hole mobility and increasing recombination
probabilities. Some IMs can lower the surface energy, leading to more favourable
polymer conformations, and therefore better device performance.
IMs may be either organic or inorganic in nature: the former generally form self-
assembled monolayers (SAMs) on the oxide surface, anchored to the oxide through a
polar head group such as –COOH, –OH, or –SH, whereas the latter tend to be deposited
on top of the oxide as a thin layer (typically < 20 nm) of either crystalline or amorphous
material.
1.4.3.6.1 Organic Modification
Organic modification has been widely investigated for both ZnO and TiO2 using a va-
riety of different organic species, such as porphyrin dyes, benzoic acid derivatives, and
fullerene derivatives. Goh et al. carried out one of the first studies into hPV IMs on the
TiO2/P3HT system: although this work does not feature ZnO-based devices, the results
of this work do bear relevance to them. This work is split into two components: firstly,
the modification of the oxide surface with SAMs of differently functionalised benzoic
acid derivatives is reported; in the second half, work detailing oxide functionalisation by
Ru-based dyes (N3, Z907, and N719) used in DSSCs10 [117].
In the first part of the paper, different functional groups were chosen, ranging from
electron-donating groups such as –NH2 (δ = +4.5, calculated by DFT) to electron-
withdrawing groups such as –SO2F (δ = -4.5) to change the electron affinity of the
10Whilst these dyes will make contributions to the photocurrent, the dye-loading in these systems is
far smaller than is the case for nanostructured DSSC devices and the device performance trends can be
taken to reflect the interfacial properties of these cells.
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molecule; in this way, trends in device performance could be correlated to the changes
in dipole moment, given the similarities between the IM species. The effect of IMs on
the hPV band structure is shown in Figure 1.14.
Figure 1.14 – Flat-band representation of a TiO2:polymer hPV device showing the cases
of: a) oxide modified with a δ− IM; b) unmodified oxide; c) oxide modified with δ+ IM.
Reprinted with permission from [117]. © 2007, AIP Publishing LLC.
Although the δ+ IMs displayed a small increase in Voc — expected due to an increase
in the HOMOD–CBA offset — it is thought that protonation of the oxide by the IMs act
to counter the dipole moment, limiting the performance gains. For δ− IMs, compared to
the unmodified oxide the Voc declined, but a ∼ 2x improvement in Jsc was observed —
due to the electron withdrawing nature of these IMs, they are thought to mediate charge
transfer from the polymer to the oxide.
Dyes, such as the Ru complexes mentioned above, will also create a dipole at the
oxide surface. As well as this, they may provide further benefits: if the energy levels are
well aligned with the metal oxide and may create a ‘cascading’ band structure — this
is analogous to the electron transport chains used in photosynthesis which increase the
longevity of the charge separated states [163]; additionally, the central Ru species and its
corresponding redox properties make these dyes effective electron transfer complexes. It
was shown that the N3 dye increased the Jsc from 0.85 mA cm
−2 to 1.86 mA cm−2 and
the overall PCE from 0.34 % to 0.60 %. Work by Ravirajan et al. on ZnO/P3HT systems
employing the Ru-based dye Z907 increased device performance as well as showing that
the dye greatly impedes charge recombination such that separated charges have a half
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life of ∼ 6 ms — around 2 orders of magnitude greater than for a BHJ NP–ZnO/P3HT
device [164, 129]. NR arrays have also been modified using metal-free mercurochrome
dyes [165] work by Lin et al. presents increases in Voc, Jsc, and a four-fold increase in
PCE for ZnO NR/P3HT devices compared to the unmodified array [166].
C60 derivatives are now commonplace as acceptor molecules for OPVs and have also
been used as IMs for polymer:metal electrode interfaces. Vaynzof et al. used a SAM of
the fullerene derivative PCBA (carboxyl derivative of PCBM) to modify the ZnO/P3HT
interface, achieving a 4.5-fold increase in PCE (0.04 % to 0.18 %) [121]. This significant
increase in performance is attributed to multiple effects: firstly, the PCBA adsorption
on the ZnO surface creates a δ− pointing towards the oxide; secondly, the work function
increases from 3.6 eV to 4.1 eV, attributed to a decrease of electron density at the oxide
surface, thereby increasing the depletion length within ZnO; thirdly, the charges are sep-
arated rapidly due to the fast electron transport properties of the C61 component; lastly,
the PCBA itself spatially separates the charges and acts as a barrier to recombination.
Moreover, increases in the EQE and increased Jsc of the modified device suggest that the
IM contributes to exciton quenching and provides an effective route for enhancing the
photocurrent in these devices. A follow-up paper on this work proposes the existence of
bound-charge pairs (BCPs) in organic–inorganic systems based on evidence from a novel
optical pump-push photocurrent probe technique: BCPs are analogous to CT states —
discussed in Section 1.3.2.2 — observed in OPVs11; it is suggested that the presence of
the PCBA layer significantly reduces the fraction of bound charges present in the de-
vice [167].
Alkanes with polar head groups, such as alkanethiols and alkanephosphonates, have
been used extensively in fields such as nanolithography and organic electronics (particu-
larly as organic dielectrics) due to their tendency to form SAMs on oxide surfaces. Papers
by Monson and Lloyd report the modification of hPV devices with such molecules: the
SAMs assemble such that the head groups form strong Zn–S or Zn–O–S [168] interactions
with the oxide, leaving the alkane chains pointing in the direction normal to the sub-
strate. Despite the fact that such molecules are insulators, both decanethiol and octade-
canethiol were shown to improve the PCE through increases in Jsc from 0.28 mA cm
−2
in the unmodified devices to 0.35 and 0.42 mA cm−2 for decane and octadecane deriva-
tives respectively [169]. This work has been followed up by Lloyd et al. who used
GIXD to probe the structure of the polymer on this SAM layer and transient absorption
11BCPs do differ from CT states in that an organic–inorganic interface contains a delocalised acceptor
band structure as opposed to the case for the LUMO of a small molecule, as is the case for species such
as PCBM.
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spectroscopy (TAS) to investigate the recombination dynamics [170]. The GIXD mea-
surements confirm the increasing order of polymer deposited on the alkanethiol-modified
ZnO compared to bare ZnO; TAS measurements showed that there is a greater rate of
polaron recombination for P3HT/ZnO compared to P3HT/Glass and P3HT/SAM-ZnO,
which also points to a reduction in order of the polymer on the bare, high energy ZnO
surface, and a greater separated charge lifetime in layers with greater crystallinity of the
polymer. In addition to this, it was determined that significant exciton dissociation oc-
curs in the P3HT bulk regardless of the substrate used which concurs with Piris TRMC
measurements on Zn1−xMgxO layers. Baker et al. have also used the same approach
to IM, instead using the organosilicon compounds octadecyltriethoxysilane (OTES) and
phenyltriethoxysilane (PTES). n-butylamine catalyses the formation of Si–O–Zn link-
ages between the IM and the oxide, whilst the alkyl chains are directed towards the
polymer and interact in the same way as the alkanethiols. However, the OTES sample
appeared to hinder the polymer infiltration through unfavourable wetting characteristics;
with PTES, the reaction conditions resulted in condensation of the organosilicon units,
resulting in the formation of multilayers and inhibiting charge transfer [171].
Most IM candidates studied to this point have been materials readily available and
many have been used previously in other applications (such as the use of alkanethiols in
the production of organic field-effect transistors (FETs)). Weickert et al. propose that
purposefully designing IMs may lead to greater performance gains and have established
some general design rules [172]:
i) Energy levels allow efficient charge injection from the polymer to the oxide.
ii) Complete coverage of the oxide and intimate contact between the IM and the donor.
iii) Physical spacers can prevent recombination but must not inhibit forward charge
transfer and thus the photocurrent.
iv) Modifiers should neither generate interfacial traps, nor disturb the order and crys-
tallinity of the organic donor.
v) Crystalline interfacial layers must possess suitable energy levels and not inhibit
exciton dissociation.
This group have recently reported modification of TiO2 with specifically designed IMs
such that its HOMO lies between the HOMOD and CBA, as well as possessing large, neg-
ative dipoles pointing towards the polymer [173]. The best IM used in this work produced
an order of magnitude increase in both Jsc and PCE (0.60 mA cm
−2 to 6.79 mA cm−2,
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and 0.20 % to 2.87 %) as well as large increases in EQE, implying that these IMs promote
exciton dissociation.
1.4.3.6.2 Inorganic Modification
Inorganic IMs usually consist of either amorphous or crystalline thin-films of semicon-
ducting materials deposited on top of the ZnO. Narrow-band species used include CdS
and Sb2S3: Spoerke et al. modified ZnO surfaces with a 20 nm-thick CdS layer, creating
a P3HT/CdS/ZnO band level cascade [116]. CdS effectively raises the acceptor con-
duction band level, and this likely contributes to the near doubling of the Voc from the
unmodified device; the photocurrent remains unaffected however12. Sb2S3 has been used
to modify mesoporous TiO2/P3HT hPVs leading to increases in PCE from 0.092 % to a
maximum of 5.06 % — it should be noted that in this case, Sb2S3 acts as a sensitiser and
seems to contribute the bulk of the device’s photocurrent [174]. However, these initial
results are very promising with performances comparable to OPVs.
Figure 1.15 – Modelled electric field variation in the interfacial region for different
ZnO/P3HT and ZnO/TiOx/P3HT devices. Reproduced with permission from [175].
TiO2 and TiOx layers are generally effective at raising the Voc of hPV devices. Atien-
zar et al. deposited a thin layer of TiO2 onto a ZnO NR array using a TiCl4 solution
— the presence of TiO2 appears to increase the Jsc which is attributed to a reduction in
recombination and possibly increased exciton dissociation, leading to a near three-fold
PCE increase from 0.025 to 0.070 % [176]. Using amorphous layers, Lee et al. have
shown that deposition of 5 nm of TiOx on ZnO may increase the Voc from 0.4 V to
12As a narrow band-gap material, CdS will contribute to the photocurrent; however, due to its poorer
transport properties, the net result is no gain in Jsc
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0.8 V. TAS measurements suggest that the interlayer does not alter the charge separa-
tion/recombination dynamics as both modified and unmodified devices exhibit similar
hole lifetimes [177] and cite passivation of ZnO surface traps as the source of device
improvement. Follow-up work was carried out on this system — the authors present the
hypothesis that TiOx layers affect the ZnO depletion length in these devices, depending
on the conductivity of the ZnO — a low internal electric field results in slow charge sep-
aration at the interfacial region and increases recombination probabilities. ZnO films of
high carrier (HC) and low carrier concentration (LC) were deposited by PLD, modified
with TiOx, and the device performances measured. This was carried out concurrently
with 1D Poisson modelling of the internal electric field in these devices, the results of
which are shown in Figure 1.15 [175].
The application of the thin TiOx layer is shown to increase the device performance
performance for HC ZnO, whilst decreasing it for the LC films. For HC ZnO, the
electric field modelling suggests that TiOx prevents a total drop in electric field in the
oxide interfacial region (cf. a drop to < 10−3 V cm−1 within 5 nm of the interface
for the unmodified HC ZnO film), whereas in the LC ZnO case, this field is reduced.
As a result, for a 10 nm layer of TiOx, HC ZnO devices show large increases in Voc
(0.217 V to 0.596 V) and PCE (0.027 % to 0.053 %), whilst LC ZnO devices show only
slight increases in Voc (0.421 V to 0.516 V) and overall reduction in PCE (0.050 % to
0.014 %). These experiments show that inorganic modification of the interface is an
effective method for increasing Voc in hPVs. However, save for the case of Sb2S3, these
layers tend not to enhance the device photocurrent and, in some cases, can provide a
barrier to charge transfer from the oxide to polymer.
1.4.4 Summary
From the literature review, it is clear that whilst oxide:polymer hPV devices have plenty
of potential, significant progress in the field is required before these devices can become
a viable technology. Given the complex defect chemistry of oxides such as ZnO, interface
modification of these materials has been shown to be an effective and perhaps necessary
route towards closing the gap between hybrid and organic photovoltaics. The work
presented in this thesis proceeds with the inorganic modification route: the presence
of these interlayers removes some of the negative effects of the ZnO surface chemistry;
additionally, the materials chosen also possess additional functionality in the form of
ferroelectric polarisation. The rest of this chapter covers two main areas: ferroelectricity,
materials, and roles in photovoltaics (Section 1.5), and secondly the materials chosen for
the fabrication of hPV devices in this work (Section 1.6). The last section covers the
aims and structure of this work (Section 1.7).
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1.5 Ferroelectrics
The unique functional properties of ferroelectric materials have led to their widespread
use in a number of applications which exploit their excellent polarisation characteristics
(due to high dielectric constants), piezo- and pyroelectric properties and/or ferroelec-
tricity: ferroelectric materials are used extensively in capacitors, notably in switchable
ferroelectric capacitors which may be integrated into standard silicon chips; additionally,
there is ongoing research into areas including memory applications, radio-frequency iden-
tification technology, weak-magnetic field sensors, and ferroelectric liquid crystals [178].
Recently, there has been interest in exploiting ferroelectric properties in PV applications
— this is described in more detail in Section 1.5.2.
1.5.1 Ferroelectricity
Figure 1.16 – Simple representation of polarisation (P) behaviour of a) dielectric, b) para-
electric, and c) ferroelectric materials under the influence of an external electric electric field
(V).
Most materials exhibit dielectric behaviour in which the electrical polarisation (the
total dipole moment per unit volume), P, is proportional to the magnitude of the external
electric field [179].
P =
Σµ
V
(1.9)
where µ is a dipole moment and V the volume. Ferroelectric (FE) materials exhibit
non-linear polarisation behaviour, as illustrated in Figure 1.16, with the materials pos-
sessing a spontaneous non-zero residual polarisation, PR, after the removal of the applied
electric field. Additionally, the polarisation of the ferroelectric may be permanently and
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reversibly switched in either the positive or negative electric direction by the applica-
tion of a sufficiently strong electric field, making FE materials extremely well suited to
memory applications. FE materials possess domains, regions of crystal with uniform and
homogeneous dipoles along a specific crystallographic direction; domains are separated
by boundary regions referred to as a domain walls which exhibit their own complex po-
larisation behaviour. For a newly grown FE material, the domain structure will be fairly
complex, and many of the dipoles order in a head-to-tail (180◦) manner to minimise stray
field energy leading to a zero net polarisation or a small non-zero polarisation (which
may arise due to other effects, such as thin-film strain).
Figure 1.17 – A polarisation-voltage loop for
a ferroelectric material showing polarisation hys-
teresis behaviour. PR is the remnant polarisa-
tion; PS the saturation polarisation; EC the co-
ercive field. Adapted with permission from [180].
© 1999, AIP Publishing LLC.
The origin of the characteristic FE
hysteresis loop shown in Figure 1.17 is as
follows (taking the saturation polarisation
point Ps, the maximum polarisation the
material may hold, as a starting point): at
Ps, the majority of domains are polarised
in the direction of the electric field. As
the electric field is swept in the opposite
direction, new domains of opposite polar-
ity begin to nucleate at the electrodes. As
the electric field increases in this direc-
tion, the new domains grow rapidly in the
direction of the electric field (i.e. normal
to the substrate). At the coercive field,
Ec, the net polarisation in the material is
0. At the point where the domains stretch
across the material perpendicular to the
substrate, the domains start to widen: as
the domains grow more slowly in this direction, the rate of polarisation increase with
electric field slows as the material approaches saturation. When the saturation field
is reached, the material has been fully switched in polarity. Ferroelectricity is a low-
temperature effect and above a certain temperature (dependent on materials system and
quality of material), FE materials will exhibit paraelectric behaviour. As ferroelectricity
is an effect arising from structural modulations such as ion displacement in perovskites
(covered in Section 1.5.3) or conformation in polymers, increase in thermal motion can
negate these effects and the material undergoes an order-disorder phase transition: this
point is referred to as the Curie temperature (Tc). This transition is reversible, however,
and FE properties are restored on cooling below Tc.
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Ferroelectricity is effectively a co-operational effect between unit cells and therefore
a critical thickness limit exists for thin-films of these materials. For ceramic perovskite
oxides, the FE critical thickness was thought to be on the order 20 nm; however, experi-
mental work has shown that PbTiO3 can exhibit ferroelectricity at a thickness of 3 unit
cells (1.2 nm) [181]. At short length scales, surface effects become much more important
in governing the polarisation characteristics of the material: in this regime, defects and
uncompensated bonds can create surface tension and the resulting surface charge density
may generate a depolarisation field which acts in opposition to the ferroelectric polari-
sation. In early calculations, it was shown that depolarisation fields would dominate the
material characteristics at short length scales leading to large critical thickness values.
However, depolarisation fields appear to play a much lesser role than originally thought,
and surface domains may effectively oppose these [182].
1.5.2 Ferroelectrics in Photovoltaics
Research incorporating FE materials in PV applications is a recent development and
has generated interest in two different areas: firstly, the development of the ferroelectric
photovoltaic (FE-PV) cell in which the FE material acts as the active layer; secondly,
the deployment of FE materials into OPVs as functional layers to improve device perfor-
mance without contributing as a light-absorber. Despite the marked difference between
these two research topics, both exploit the unique properties of FE materials and possess
intriguing potential.
1.5.2.1 Ferroelectric PV Cells
Although the photovoltaic effect in inorganic FE materials has been known about for a
long time, it is only recently that interest in this area has picked up and more extensive
studies carried out. The mechanism of photocurrent generation in FE materials is dif-
ferent to the case of a standard p–n junction: whereas the Voc in the latter is limited to
the band gap of the device, FE-PV devices are capable of generating large voltages in
excess of the band gap. The photovoltaic effect in these materials originates at specific
domain walls in which the polarisation changes from that within the domain — as a
result, there is significant charge imbalance and band-bending occurs across the domain
wall, leading to the creation of a very strong electric field and resulting in separation of
charges generated in this region13 [183, 184]. This effect has been probed most exten-
sively in BiFeO3 and (Pb1−xLax)(Zr1−yTiy)O3 [185]. The main obstacles in this field
stem from the large band-gaps of these ferroelectric materials (2.57 eV for BiFeO3) and
13Photocurrent from the bulk of the material is negligible as charges in this region are strongly localised.
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the poor charge transport in the films: the latter is problematic as more conducting FE
materials can hold a lesser degree of polarisation. However, the generation of very high
voltages is a significant attraction as conventional solar cells typically generate < 1 V;
moreover, the photoresponse can be tuned through control of the ferroelectric domains
by application of external electric fields across the device.
1.5.2.2 Ferroelectrics in OPVs
The concept of the the ferroelectric OPV (FE-OPV) was first described in 2011 by
Yuan et al. who proposed that the presence of two thin ferroelectric polymer layers
(consisting of poly(vinylidene difluoride – tetrafluoroethylene), P(VDF–TrFE)) at the
two interfaces between the active layer and the electrodes would generate an electric
field across the active layer which would aid in splitting up CT states, thereby increasing
the photocurrent [186]. Further work has been carried out by this group and others using
both this architecture and variations thereof, shown in Figure 1.18.
Figure 1.18 – Representation of OPV devices containing the FE polymer components:
a) P3HT:PCBM blend BHJ modified with P(VDF–TrFE) at the metal:polymer interfaces,
reprinted by permission from Macmillan Publishers Ltd: Nature [186], © 2011; b) a
P3HT/PCBM bilayer device containing a P(VDF–TrFE) interlayer between the donor and
acceptor materials; c) BHJ device using a P3HT:P(VDF–TrFE):PCBM blend as the active
layer, reproduced from [187] with permission of The Royal Society of Chemistry.
In the first demonstration of the FE-OPV concept, the thickness of PVDF–TrFE
was varied between 0–3 monolayers (to approximately 5 nm) and the layers were poled
by pulsing high positive or negative voltages across the device. The authors assert
that a three monolayer-thick film of P(VDF–TrFE) (with a remnant polarisation of
100 mC m−1) will induce an electric field of 50 V µm−1 across a 150 nm-thick layer of
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P3HT:PC70BM, thereby suppressing CT state recombination. Whilst some intriguing
results are reported in this study — for one device series, the presence of 2 monolayers of
P(VDF–TrFE) increased the PCE of device from 1.7 % to 4.5 %, as well as improvements
in device performance after poling the devices — it is not without flaws. The controls
presented are not adequate enough to rule out the possibility that device performance
improvements do not originate from the presence of FE polarisation: the effects of poling
unmodified devices were not studied; additionally, a control interlayer (such as a non-FE
variant of the P(VDF) family) was not used to test whether ferroelectric effects are the
root of device performance. As well as this, the effects on the active layer morphology
were not thoroughly investigated. Asadi et al. argued that by following the methods
described in this paper, the resulting devices are improved not by the presence of the FE
polarisation, instead that the P(VDF–TrFE) layer simply acts as a work function modi-
fier at the metal–polymer interface, akin to materials such as LiF [188]. To demonstrate
this, devices were fabricated with interlayers of P(VDF–TrFE), poly(trifluoroethylene)
(PTrFE, a non-ferroelectric polymer), and LiF: the resulting devices showed that the
‘poled’ P(VDF–TrFE) devices behave similarly to the LiF-modified devices, exhibiting
similar Voc and a slightly reduced Jsc. The authors also comment that the poling method
used in this work may be insufficient to induce full polarisation in the (PVDF–TrFE)
layer: the poling process requires compensation charges on both sides of the ferroelectric
layer and as the free charge carrier density in polymers is relatively low, it is question-
able whether there will be requisite charge compensation from the polymer to induce full
polarisation in the FE layer, especially in the dark. The authors also argue that, under
illumination, free charges photogenerated in the polymer will screen the FE polarisation,
negating any electric field generated in the active layer; however, it is questionable that
the polymer free charge density could reach a sufficient level to screen the polarisation
completely.
Yang et al. fabricated bilayer FE-OPVs containing a P(VDF–TrFE) interlayer be-
tween the donor and acceptor materials, as illustrated in Figure 1.18 b), aiming to mod-
ulate the energy levels of donor and acceptor. Although no data for a reference device
(without the interlayer) was included, both positively and negatively poled devices were
shown to have improved device characteristics compared to unpoled devices: increases
in Voc from 0.55 V to 0.67 V and increases in Jsc by 0.8 mA cm
−2 for reverse bias pol-
ing. Poling also appeared to reduce J0, implying suppression of charge recombination.
The authors observed that, although the Voc is higher than those typically obtained for
a P3HT:PCBM device (either in bilayer or blend configuration), the Voc produced by
these devices is still much lower than the theoretical maximum Voc (∼ 1.5 V, accounting
for D–A offset and non-ideal diode losses). The authors posit that this is due to the
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low surface coverage of P(VDF–TrFE) on P3HT (∼ 20 %) resulting from formation of
nanoislands (as opposed to a continuous thin-film of FE polymer) on account of the large
surface energy mismatch between P3HT and P(VDF–TrFE). However, this paper also
suffers from lack of controls: data from non-FE-modified devices is not present, nor a
device containing a non-FE interlayer.
FE-OPV devices containing a P3HT:P(VDF–TrFE):PCBM blend as an active layer
have been reported by Nalwa et al.: the FE polymer was added to the D–A blend
in fractions of 0, 5, 10, and 20 % by weight of P3HT, leading to an increase in PCE
from 2.5 % to 3.9 % (for 10 % of P(VDF-TrFE) arising predominantly from an 18 %
increase in Jsc, albeit with minimal increases in Voc [187]. Positive poling (using the
methods used by Yuan et al. was shown to have no significant influence on device
performance, but negative poling was shown to degrade Jsc, Voc, and FF for devices
containing 5 and 10 % P(VDF–TrFE)), whilst unmodified and 20 % P(VDF–TrFE)
devices remained unaffected. However, it was shown that applying a positive bias pulse
to a device previously subjected to negative bias restored device performance, suggesting
some form of switchable behaviour.
Control devices consisting of i) unmodified P3HT/PCBM bilayers, ii) P3HT/P(VDF–
TrFE)/PCBM trilayers (illustrated in Figure 1.18b), and iii) P3HT:P(VDF–TrFE)/PCBM
bilayers were tested as microstructural changes induced by the presence of the FE poly-
mer may affect device performance. Although device ii) exhibited a slight reduction in
PCE (from 0.8 to 0.7 %), it exhibited the greatest degree of PL quenching which was ten-
tatively ascribed to increased dissociation of singlet excitons — the authors propose that
the reduced Jsc may be attributed to the FE polymer acting as a physical barrier to D–A
electron transfer; additionally, a slight increase in Voc from 0.4 to 0.5 V was observed.
Device iii) yielded an increase in PCE from 0.8 to 1.3 % with much improved EQE.
Although controls in this work should have included using a non-ferroelectric polymer in
the blend to verify that ferroelectric effects are responsible for device enhancement, the
results presented are of much interest.
Finally, to address some of the concerns raised by Asadi et al. in [188], Yuan et al.
investigated the effect of using crystalline (FE) and amorphous (non-FE) P(VDF–TrFE)
in their FE-OPVs [189]. The crystallinity of the polymer was varied using different
deposition techniques (spin-coating for amorphous films, Langmuir–Blodgett deposition
for crystalline films) and different annealing regimes; the presence or absence of ferro-
electricity in these films was confirmed by piezoresponse force microscopy (PFM). Using
forward and reverse bias pulses on the devices, it was shown that much more marked
changes in device performance occurred for devices containing the crystalline polymer
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than for those containing the amorphous one: in the former case, negative poling led to
decreases in Jsc and FF , whereas positive bias poling resulted in increases in Jsc and
Voc (as shown in Yuan’s previous paper). Conversely, for amorphous P(VDF–TrFE),
although positive and negative poling yielded similar outcomes, the differences in J–V
curves were found to be much less significant and were attributed to small polarisation
effects arising from partial crystallisation of some of the FE polymer layer during ther-
mal annealing. Additionally, work was carried out to address the potential screening
of the ferroelectric polarisation by free charges in the polymer: it was calculated that,
assuming charges were to accumulate at the active layer:FE polymer interface (i.e. due
to poor charge extraction), the active layer would need to be illuminated for 30 seconds
to generate the requisite number of charges to screen the polarisation. This, in turn,
would result in a steady decrease in device performance over that time; however, little
variation in device performance was observed over a period of ∼ 350 hours, providing
sufficient evidence to conclude that the polarisation is not screened in the device.
So far, there has been no investigation into the effects of incorporating FE materi-
als into hPVs, although some investigation into the effect of piezoelectricity on device
performance has been carried out for ZnO-based devices [190].
1.5.3 Ferroelectric Materials
Ferroelectricity has been observed in a diverse number of different materials and com-
pounds: as the effect was initially observed in salts (such as potassium dihydrogen phos-
phate, K(HO)2PO2 and Rochelle’s salt, K(OOC)(CHOH)2(COO)Na), it was thought
that hydrogen bonding was a prerequisite for it to exist. However, the the discovery of
ferroelectricity in perovskite-based ceramics was a landmark in research, and this class
of compounds has become the most widely used in FE applications such as capacitors
and ferroelectric random access memory (FERAM). More recently, ferroelectric polymers
such as P(VDF–TrFE) have been of much interest as these materials require far less tem-
perature intensive processing than perovskite compounds; consequently, these materials
have been earmarked for use in plastic electronics, including applications such as switch-
able organic FETs [191]. As ferroelectric materials also possess pyro- and piezoelectric
properties (spontaneous polarisation with changes in temperature and mechanical stress
respectively) as well as high dielectric permittivities, these materials are found in a wide
variety of roles.
The perovskite oxide class encompasses a number of important compounds: lead
zirconate titanate (Pb(Zr1−xTix)O3, PZT); bismuth ferrite (BiFeO3, BFO); lithium nio-
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bate (LiNbO3, LNO); barium titanate (BaTiO3, BTO); potassium niobate tantalate
(K(Nb1−xTax)O3, KNT). In these systems, ferroelectric behaviour arises from poly-
morphs with non-centrosymmetric crystal structures. In the case of PZT, ferroelectricity
arises due to ion displacement within the lattice: the structure consists of corner-sharing
(TiO6) octahedra which contain a central Ti
4+ ion. Above the Tc, the central ion is
positioned in a central position in the octahedron, and thus there is no net dipole; below
Tc, however, the Ti ion may occupy two different sites, one towards the ‘top’ apical
oxygen, and the other towards the ‘bottom’ oxygen. Although this displacement is only
on the order of 0.1 A˚, this displacement is sufficient to generate a dipole within the octa-
hedron, and if this displacement occurs in multiple parallel octahedra, a net directional
polarisation is induced [192].
1.5.3.1 Lead Zirconate Titanate
PZT was chosen as the inorganic interface modifier in this work: despite environmental
concerns surrounding PZT due to its lead content, it is considered an extremely suitable
material for this project given its strong ferroelectric properties, transparency to visible
light, ease of processing, and relatively low crystallisation temperatures. PZT is a solid
solution between ferroelectric PbTiO3 (tetragonal, P4mm) and antiferroelectric PbZrO3
(orthorhombic, Pbam) [193, 194] and encompasses a number of phases with different
structural and polarisation characteristics, the formation of which depends on both the
temperature and the Zr:Ti ratio14 — the phase diagram for the material shown below in
Figure 1.19. The two most important regimes for ferroelectric applications are the high
Tc rhomobohedral phase (FR(HT )) and the ferroelectric tetragonal phase (FT ). Also of
interest is the morphotropic phase boundary which arises at the Zr:Ti ratio 0.52:0.48
(PZT 52/48), at which point the material possesses an extremely high dielectric con-
stant and piezoelectric response: it is thought that this occurs due to local monoclinic
distortions in the material [195, 196].
PZT has become one of the most important and widely used piezo- and ferroelectric
materials in industry due to its wide range of composition-dependent properties: the ma-
terial characteristics may be tuned either through changing the Zr:Ti ratio or by doping
with elements such as La (forming (Pb1−xLax)(Zr1−yTiy)O3 (PLZT)); a comprehensive
review of PZT dopants is given by Xu [199]. PZT thin-films may be deposited using a
number of different methods such as sol-gel synthesis [200], hydrothermal growth [201],
14Typically, the Zr:Ti ratio is stated with the compound abbreviation, e.g. Pb(Zr0.6Ti0.4)O3 is con-
tracted to PZT 60/40, Pb(Zr0.2Ti0.8)O3 to PZT 20/80 and so forth.
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Figure 1.19 – a) Crystal structure of tetragonal Pb(Zr0.3Ti0.7)O3 showing the alternating
layers of Pb and Ti/Zr. Crystal structure reproduced from structural parameters obtained
from neutron diffraction studies by Frantti et al. [197], and structure was rendered using the
VESTA programme [52]. b) solid solution phase diagram for PZT. Pc is the paraelectric cu-
bic phase; AT and AO the antiferroelectric tetragonal and orthorhombic phases respectively;
FR(LT ) and FR(HT ) the low temperature and high temperature rhombohedral phases respec-
tively; FT is the tetragonal ferroelectric phase. The morphotropic phase boundary between
the orthorhombic and tetragonal forms exists for the compound PZT 52/48. Reproduced
from [198].
sputtering [202], PLD [203], MOCVD [204], and molecular beam epitaxy [205]; a com-
prehensive overview of the different techniques and conditions used for the deposition of
PZT thin-films is given by Izyumskaya et al. [206]. Sol-gel synthesis and metal-organic
chemical vapour deposition (MOCVD) have been researched extensively for deposition
of PZT thin-films: the sol-gel method is a relatively low-cost process which may be
carried out in ambient conditions; MOCVD is one of the most common large-scale pro-
duction techniques for thin-films and offers high deposition rates and excellent control
over processing conditions. Generally, sol-gel-derived PZT films crystallise at a lower
temperature than most other perovskite FE materials — Xu et al. reported the synthe-
sis of crystalline PZT 52/48 by the sol-gel method using temperatures of no greater than
400 ◦C [207] using a sol-gel–hydrothermal treatment method. By using a conventional
sol-gel process, PZT films can routinely be obtained using temperatures of 500 ◦C and
generally require only a short annealing period to obtain a crystalline product [208],
whereas materials such as BTO generally require higher temperatures (> 600 ◦C).
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It has been observed that very thin films of PZT will, with sufficient thermal energy
(e.g. during an annealing phase), form nanoislands which minimises the surface free
energy of the substrate relative to a continuous layer of material [209] — this effect is of
much interest for the fabrication of nanoscale devices, such as for capacitors for mem-
ory applications [210] if the islands are thick enough (both laterally and vertically with
respect to the substrate) to exhibit ferroelectric effects and if they are distributed in a
sufficiently ordered manner.
The versatility of PZT has allowed it to be employed in a large number of appli-
cations requiring it to be grown on a range of different substrates: epitaxial growth of
PZT has been observed on substrates such as MgO, SrTiO3, and LaAlO3, and PZT
is commonly grown on Pt-coated substrates for use in capacitors [206]. Although not
widely researched, crystallisation of PZT on ITO [211] and ZnO [212] has been demon-
strated; despite the relatively large lattice mismatch between ZnO and PZT (-22.3 % for
the a-axis, +25.7 % for the c-axis), the use of ZnO as a growth buffer layer on Pt has
been shown to enhance the ferroelectric properties of PZT 52/48 relative to those grown
without it. There is growing interest in Metal–ZnO–FE (MFS) heterostructures which
would be suitable for memory applications: coupling between the ferroelectric polarisa-
tion of materials such as PZT and BTO and the piezolectric properties of ZnO has been
observed to generate polarisation phenomena at the interface between the two materials
[213]. This coupling can create unique internal electric field variations and modulate the
magnitude of the depletion layer in ZnO.
PZT possesses a wide band-gap, generally reported to lie between ∼ 3.45 eV (for
PbTiO3) and 3.70 eV (for PbZrO3) with some outliers [215]: Moret et al. reported that,
for PZT grown by MOCVD on SrTiO3, the band gap remained constant over a range
of PZT compositions at ∼ 3.6 eV [216]. Generally, the band gap of PZT will change for
a single composition depending on the substrate, processing conditions, and deposition
method. Due to the wide band-gap, PZT transmits well in the visible region of the
electromagnetic spectrum and is thus suitable for the photovoltaic applications in this
study. Although nominally an insulator, PZT does possess some conducting properties
given that leakage current is observed to increase with decreasing film thickness for PZT
capacitors: whilst acceptor impurities in PZT are generally compensated for by oxygen
vacancies, a small fraction remain uncompensated and contribute to p-type conductivity
in PZT [217]. For applications such as capacitors and FETs where PZT acts as a dielec-
tric layer, minimising conduction in these films is of great importance as leakage currents
must be minimised to produce efficient devices; however, in the case of photovoltaics,
higher conductivity in PZT would be preferred to minimise current loss. Conduction
mechanisms in PZT are thought to be both temperature- and field-dependent and have
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Figure 1.20 – Energy level schematic for a ZnO (left)/PZT (right) bilayer structure.
Evacuum is the vacuum level, qVD the built-in potential due to work function difference
between the two materials; χ the electron affinity; φ the work function; EF the Fermi level;
EC and EV the conduction and valence levels respectively; Eg the band gap; ∆E the band
offset between the two materials. From [214],© IOP Publishing. Reproduced by permission
of IOP Publishing. All rights reserved.
been studied extensively in Metal–Ferroelectric–Metal structures: these studies have also
shown that the electrode properties are also key in determining conduction mechanisms
through the structure [206, 218]; these include ohmic conductivity, Schottky (thermionic
emission), Poole-Frenkel trap emission, Fowler–Nordheim tunneling, and space–charge-
limited currents. Research by Zhou et al. into Pt–ZnO–PZT MFS heterostructures has
shown interesting resistivity switching behaviour which tunes with voltage. Asymmet-
ric current–voltage (I–V) characteristics were observed with the structures exhibiting
diode-like behaviour: at low fields, ohmic conductivity is cited as the main transport
mechanism, and at high fields, space–charge-limited current was thought to dominate in
the high resistance regime, whereas the Fowler–Nordheim mechanism was found in the
low resistance regime [214].
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1.6 Experimental Materials
This section covers the properties of materials used in the fabrication of hPV devices
in this study and compares them to widely used alternatives. This work was based on
bilayer hPV devices with the structure ITO–ZnO–P3HT–M where ITO (Section 1.6.1)
was employed as the transparent bottom electrode and P3HT (Section 1.6.2) as the
polymeric donor material. The properties of ZnO have been covered extensively in
Section 1.4.1.
1.6.1 TCO — Indium Tin Oxide
In this work, ITO was chosen as the bottom electrode for devices: ITO is a transparent
conducting oxide (TCO), used extensively throughout industry as a contact material for
electronic devices due to its high transparency, resilience to harsh processing conditions
(such as temperatures > 200 ◦C which are used extensively in this work), and high
conductivity. ITO is employed as a bottom electrode in the vast majority of OPV devices
in both normal and inverted configurations (i.e. as either a hole or an electron collector
respectively) — ITO has a high work-function (typically 4.5 eV [33], but values between
4.1 and 5.5 eV have been reported, depending on treatment [219]), making it suitable
for both device architectures (in normal architecture, ITO transfers an electron to the
lower-lying HOMOA, whereas in inverted architecture, ITO may accept electrons from
the higher-lying LUMOA or CBA). ITO is a solid solution of In2O3 and SnO2, typically
in a ratio of around 9:1, which crystallises in the cubic bixbyite structure (space group
Ia3¯) [220] and possesses a wide band-gap of ∼ 4.0 eV and thus is highly transparent
in the visible region. Both tin and oxygen vacancies contribute to the conductivity of
ITO, thus highly crystalline material is not desirable for electronic applications. ITO is
typically deposited by physical vapour deposition (PVD) or by sputtering.
Due to relatively high processing and materials costs, a suitable replacement for
ITO has been sought after for several years, although none has yet supplanted it as the
industry standard. Both inorganic and organic materials have been proposed, requir-
ing less expensive raw materials and often those which may be deposited by solution
processing routes, circumventing the high vacuum conditions used for ITO deposition.
Fluorine-doped tin oxide (SnO2:F, otherwise known at FTO) is a popular alternative
to ITO and is used extensively in DSSCs, although FTO is generally less transparent
to visible light; extensive research on doped ZnO has also been carried out, particularly
focussing on Al:ZnO and Ga:ZnO (as discussed in Section 1.4.2.1) — the addition of
these dopants vastly stabilises the somewhat erratic electronic properties of vanilla ZnO.
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Another approach has been to use high work-function metals (Au [221] and Ag) as trans-
parent electrodes — such films must either be ultrathin (< 10 nm), or non-continuous:
for example, arrays of Ag NWs have been investigated in this capacity [222]. Park et
al. have expanded on this concept by depositing multilayer ‘sandwich’ thin-films for use
in photovoltaic, using M–ZnO:Ag:M–ZnO (M=Al or Ga) structures — by using a thin
layer of metal between the two TCO materials, the conductivity may be enhanced whilst
still maintaining acceptable film transparency [223].
In plastic electronics, the fabrication of flexible electronic devices is seen as a major
goal — in such devices, inorganic materials are generally not mechanically stable enough
(ITO electrodes, for example, are typically 150 – 200 nm thick), and thus there is a
significant driving force for the development of all-organic devices, including electrodes
which are typically inorganic: PEDOT:PSS [224] (often used as an EBL in OPVs) is
the most commonly used polymer layer, although there are concerns about its chemical
stability in the long term due to its acidity; carrier mobilities of organic electrodes tend
to be much lower than for inorganic materials which may negatively influence device
performance — as a result, much attention has been turned towards carbon nanotubes
[225] and graphene [226] as their charge-carrying properties can be comparable to those
of inorganic compounds; however, further developments in the synthesis and processing
of these materials is required before they can begin to replace ITO.
1.6.2 Donor — P3HT
P3HT was used as the light-absorbing polymer in hPV devices in this study: this ma-
terial is one of the most widely available, well understood, and versatile semiconducting
polymers in the field, having been used in a multitude of applications — in addition to
OPVs, P3HT has also been used in DSSCs [227] and in organic FETs [228]. P3HT has
an energy gap of 1.9 eV and its hole mobilities on the order of 10−2 – 10−3 cm−2 V−1 s−1
[229]. Conjugation in semiconducting polymers occurs through delocalisation of pi elec-
trons along the carbon backbone, leading to the observed conductivity in these materials;
the energy gap in these materials between the pi-bonding and pi∗-antibonding orbitals is
created by a Peierls distortion15, and thus these materials exhibit semiconducting rather
than metal characteristics [230]. Charges are therefore mobile along the pi-conjugated
backbone of the polymer; more importantly, inter-chain electronic coupling allows charge
hopping between polymer chains which gives rise to the high conductivities observed in
15Peierls’ Theorem states that, “a one-dimensional, equally spaced chain with one electron is unstable”,
and thus such a chain will distort to minimise the ground state energy of electrons, leading to the creation
of an energy gap.
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appropriately packed conjugated polymers; as a result, the crystal packing (and there-
fore the degree of pi–pi-stacking and side-chain interaction) is key in governing the bulk
conductivity of these polymers.
Figure 1.21 – 3-hexylthiophene residue and different trimer configurations for poly(3-
alkylthiophene)s.
Due to the asymmetry of the 3-hexylthiophene monomer, three distinct dimer units
may form (2,2’, head–head (HH); 2,5’, head–tail (HT); 5,5’, tail–tail (TT)), which in
turn gives rise to four trimer units (HT–HT; HH–TH; HH–TT; TT–HT): these are illus-
trated in Figure 1.21 [231]. The presence of non-HT coupling of thiophene residues in
the polymer chain can lead to the adoption of non-planar conformations (due to steric
interactions between side-chains) which, in turn, has a negative impact on its charge
transport properties [232]. P3HT with high regioregularity has been observed to possess
superior electronic properties to those with lesser degrees, as the HT coupling promotes
formation of planar polymer conformations, increasing the conjugation along the poly-
mer backbone, the degree of pi–pi stacking in the films, and the inter-chain transport
characteristics [233].
The molecular weight, Mw, of a polymer will not only affect the mechanical and
physical properties of the polymer (such as melting point and density), but also the elec-
tronic properties as it has a significant effect on the morphology of the film [234]. This
is related to entanglement effects: smaller chain polymers are more easily able to reach
low-energy conformations whereas longer chain polymers are more extensively entangled
and therefore more constrained — as a result, a greater variation in morphology and
crystal packing is observed with more extensive mixtures of crystalline and amorphous
regions. Despite the greater degree of disorder and greater presence of amorphous ma-
terial present for more entangled P3HT chains, charge transport in P3HT tends to be
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much greater for higher molecular weight chains than lower ones, attributed to increased
connectivity between grains with longer chain lengths [235].
Processing conditions may have a profound effect on the morphological properties of
P3HT and, therefore, its electronic properties. P3HT may be deposited by a number
of different methods including: spin-coating [236]; Langmuir-Blodgett deposition [237];
inkjet printing [238]; solid-state processing; electrodeposition [239]. Processing of P3HT
generally proceeds through dissolution of the polymer in a suitable solvent (commonly xy-
lene, chlorobenzene and derivatives thereof, and chloroform) followed by deposition: the
morphology and microstructure depend heavily on the interactions between the polymer
and solvent, especially the rate of solvent evaporation which can affect the crystallinity of
the films — generally, slower evaporation of solvent allows a greater degree of the polymer
to crystallise which may have a positive impact on charge transport [240, 241, 242].
1.7 Aims and Thesis Structure
In this study, a simple bilayer ZnO–P3HT system was chosen to investigate the effect
of incorporation of an interlayer of PZT at the oxide:polymer interface on device per-
formance. The inorganic interface modification route was chosen to nullify the surface
defects of ZnO; moreover, the added ferroelectric functionality of the PZT may serve to
further increase device performance.
There are two main parts to this thesis: firstly, in Chapters 3 & 4, PZT is grown
on ZnO and characterised using a structural and compositional analysis techniques. In
Chapter 3, the growth conditions for ZnO–PZT thin-films is optimised and the mech-
anism of growth discussed. In Chapter 4, the work focusses on growth of thin PZT
films suitable for incorporation into hPV devices — this includes similar characterisa-
tion techniques, as well as detailed structural analysis of the film morphology. Secondly,
in Chapter 5, the ZnO–PZT layers are incorporated into hPV devices. As well as ob-
serving changes in device performance with PZT modification, charge generation and
lifetimes are probed to shed light on the role of PZT in these systems. The work in this
thesis forms the basis for further research into PZT-modified OPV systems, especially
with regards to investigating the effect of ferroelectric polarisation on charge generation
and extraction.
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Chapter 2
Experimental Methods
In the first part of this chapter, the synthetic methods and processing conditions used
for depositing the materials used in this study — namely ZnO, lead zirconate titanate
(PZT), and poly(3-hexylthiophene) (P3HT) — are described, including general back-
ground information on the techniques.
The second half of the chapter focusses on the characterisation techniques used to
analyse the materials properties of these layers and the hybrid photovoltaic (hPV) de-
vices fabricated from them. This is broken down into several sections encompassing:
i) physical and structural characterisation ii) compositional characterisation; iii) opto-
electronic characterisation of materials, both in the context of the materials themselves
and in terms of device dynamics; iv) fabrication and testing of hPV devices. Additional
procedural details are given in the relevant sections in subsequent chapters.
2.1 Substrate Preparation
The materials used in this work were deposited on different substrates — glass (diamond
cut from VWR soda lime microscope slides), glass coated with a thin-film of patterned
“device grade” indium tin oxide (ITO, PsiOtec Ltd., 12 x 12 x 1 mm, 12 x 8 mm active
area, 12 – 16 Ω sq−1), and SiO2/Si wafers (Crystal GmbH). The cleaning method for
these was the same: firstly, the substrates were rinsed and ultrasonicated for 8 minutes in
acetone. These were subsequently removed from solution and rubbed with an absorbent
pad to remove traces of photoresist and other contaminants, before being sonicated in
acetone for a further 8 minutes. Lastly, the substrates were transferred to a beaker
containing IPA and ultrasonicated for 10 minutes before being dried using N2 gas.
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2.2 Materials Processing
This section covers the growth methods used for synthesis of ZnO and PZT thin-films
and the processing of P3HT for device fabrication and optoelectronic characterisation.
2.2.1 Oxide Synthesis Routes
ZnO films were processed using two methods, sol-gel deposition and spray pyrolysis,
whilst the sol-gel method alone was used for growth of PZT films. These routes were
chosen on the basis that they require relatively low temperatures (although it should be
noted that the temperatures used in this study are higher than ideal for OPV fabrication)
and may be carried out in ambient conditions from solution.
2.2.1.1 The Sol-gel Method
A sol-gel is a biphasic molecular precursor solution from which a solid material may be
grown consisting of i) a liquid gel matrix which acts as the solvent, and ii) a solid phase
of the precursor species which may be formed through colloidal aggregation or conden-
sation to form a long-range network (known as a sol) [1]. Typically, the precursor is an
organometallic or metal chloride dissolved in a suitable solvent which leads to formation
of colloidal particles by condensation or hydrolysis reactions, creating a network of the
metal oxide connected by bridging oxo- (M–O–M) or hydroxo- (M–(OH)–M) bonds.
The concentration of both the precursor material and solution additives are crucial
in determining the characteristics of the sol-gel, e.g. chemical stability, viscosity, and
particle size; effects such as particle flocculation or particle growth due to continued
condensation reactions with the sol may be effectively inhibited by tuning the pH or by
adding a complexing agent. For thin-film growth, a sol-gel must be applied to a substrate
(most commonly by spin-coating, although other methods such as dip-coating are also
used) and dried, leading to densification of the film and, in some cases, decomposition
of the precursor to form the product. During the drying stage, the solvent is thermally
extracted from the precursor film. The rate at which this occurs can have a significant
effect on the microstructure of the resulting film as fast solvent extraction can result in
the formation of pores. In most cases, a final processing step is required to complete the
transformation of the film from precursor to product: in this work, both ZnO and PZT
thin-films were annealed to complete oxide formation. The methods for ZnO and PZT
deposition in this work are outlined in Section 2.2.2.1 and Section 2.2.3.1 respectively.
82
2.2.1.2 Spray Pyrolysis
Spray pyrolysis has become a popular method for preparing dense thin-films of inorganic
materials due to the requirement of a very basic setup, the short time required to produce
the films, and the potential for scaling the technique to large areas. In this method, a
simple solution of a suitable metal precursor (such as acetate, chloride, or nitrate) with
a relatively low decomposition temperature is made using a suitable low-boiling point
solvent. This is subsequently sprayed onto a heated substrate using an aerosol; the
heat from the substrate causes the evaporation of the solution droplets and pyrolyses
the precursor, leading to the crystallisation of the oxide on the substrate. SP is a
popular technique for producing dense, crystalline inorganic thin-films as it may be
carried out under ambient conditions, involves simple starting materials, allows for rapid
production of large volumes of material, may be applied to a wide range of materials,
and may easily be modified to incorporate dopants in the precursor solution. However,
due to the number of mechanical and chemical variables involved in the process, the
films produced by this method may show high variability: mechanical variables include
substrate temperature, spray height, spray rate, droplet size, spray time and number
of spray cycles. Among the chemical variables which may be controlled are solution
concentration, carrier solvent properties, and precursor decomposition temperature [2].
As such, automated systems are becoming more popular as a way of attaining more
control over the processing conditions, leading to greater batch-to-batch and sample-to-
sample repeatability.
Figure 2.1 – Schematic diagram of typical spray pyrolysis setup.
83
2.2.2 ZnO Synthesis
2.2.2.1 Sol-gel
Sol-gel-derived ZnO films (SG-Z) were used in this work as a substrate for PZT growth
and as an acceptor layer for bilayer ZnO–P3HT and ZnO–PZT–P3HT devices. The sol-
gel method used in this work was originally outlined by Ohyama [3, 4] and optimised
by Downing [5] to produce films to be used as seed layers for ZnO nanorod growth, and
employs zinc acetate dihydrate (Zn(ac)2·2H2O)1 as the precursor compound. The films
produced by this method have been well characterised and have been shown to produce
working hPV devices [6]; as such, they were considered to be an ideal testbed material
for this study.
This particular route is widely used due to the ease of preparing both the sol-gel
and the thin-films, as well as the stability of the sol-gel over time due to the presence of
a chelating ligand. The sol-gel is produced as follows: Zn(ac)2·2H2O was weighed and
placed into a volumetric flask; to this, 2-aminoethanol was added in a 1:1 molar ratio to
Zn2+ — 2-aminoethanol is a bidentate ligand (coordinating via both its hydroxyl and
amine groups) which stabilises the metal ions in the sol-gel and inhibits the condensa-
tion of Zn(OH)2 agglomerates. The solution was then made up with 2-methoxyethanol,
sonicated for 10 minutes, and stirred for a further 30 minutes until all the zinc acetate
had dissolved, leaving a transparent, yellow-tinged sol-gel with a concentration of 0.75 M
Zn2+.
Thin-films were made from the Zn(ac)2 sol-gel by spin-coating: a substrate was loaded
into a Chemat KW–4A spin coater, and the sol-gel dispensed to cover the substrate using
a syringe fitted with a 0.2 µm poly(tetrafluoroethylene) (PTFE) filter. The substrates
were spun in two stages: firstly, a ‘loading’ stage at 600 rpm for 10 seconds to spread
the solution evenly across the substrate surface, then at 2000 rpm for a further 45 sec-
onds. After the spin cycle was finished, the underside was cleaned with acetone and the
substrate heated on a hotplate at 350 ◦C for 8 minutes to dry the film and to initiate
decomposition of the zinc precursor. Subsequent coating stages were also carried out —
in total, 3 coatings were used as standard in this work, leading to a final film thickness
of ∼ 140 nm and highly orientated in the (002) direction. After the final drying step,
the substrates were loaded directly into a preheated Carbolite DAF 11/1 box furnace at
450 ◦C. The thin-films were annealed for between 5 and 60 minutes to complete decom-
position of the acetate and to improve the crystallinity of the films. After annealing, the
furnace was switched off and the samples left inside to cool.
1‘ac’ is the abbreviated form of the acetate group, −OOCCH3. Although Zn(ac)2·2H2O was the exact
starting material used, the water of crystallisation will henceforth be omitted for brevity.
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2.2.2.2 Spray Pyrolysis
The method used in this work is derived from work by Bashir [7], using a precursor
solution consisting of Zn(ac)2·H2O dissolved in methanol. The mechanism of ZnO thin-
film formation using this method has been posited to be dependent on the pyrolysis
temperature [8]: at high temperatures (> 400 ◦C), not only does the carrier solvent
evaporate in flight, but pyrolysis of the metal precursor also occurs before it reaches the
substrate, resulting in non-uniform grain size. At lower temperatures, however (350 –
400 ◦C), the carrier solvent evaporates in flight, but the precursor species lands on the
substrate where the pyrolysis of the material takes place. This affects the microstructure
of the films, including their grain size and orientation which may, in turn, affect their
electronic properties.
Substrates were placed onto a hotplate heated to 400 ◦C. The precursor solution was
prepared by dissolving Zn(ac)2·2H2O in MeOH by ultrasonicating the solution for 1 hour.
This was then was sprayed onto the heated substrate using an Iwata Revolution spray
gun (fluid nozzle: 0.5 mm; needle: 0.5 mm): compressed air set at a pressure of 0.5 bar
was used as the carrier gas, and the deposition height was set at 20 cm for all samples.
The deposition was carried out using a repeated spraying/drying cycle: the substrates
were sprayed for 10 s, followed by a ‘drying’ time of 45 s. A short spray time was used
to minimise cooling of the substrate during the deposition, and the long ‘drying’ time
to allow for pyrolysis of the metal precursor as well as ensuring that the substrate had
heated back up to the indicated temperature. After the final drying step, the substrates
were removed from the hotplate and left to cool. Some films were annealed using a
Carbolite MTF 12/48/250 tube furnace pre-heated to 450 ◦C.
2.2.3 PZT Synthesis
For the deposition of PZT, a solution-based route was chosen — although vacuum meth-
ods such as PLD offer greater control in terms of film thickness and morphology, health
concerns around using lead-based materials in such a system made such a route unfea-
sible. As discussed previously in Section 1.5.3.1, the Zr:Ti ratio of PZT is important in
determining both the structural and physical properties of the material — Figure 1.19
in the previous chapter illustrates the changes in structure that occur when moving from
PbZrO3 (PZO) through to PbTiO3 (PTO). In this work, Pb(Zr0.30Ti0.70)O3 (PZT 30/70)
was chosen as the as the composition lies in the middle of the tetragonal region, such
that any variations in the Zr:Ti ratio which may arise from processing are less likely to
lead to structural changes in the material.
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2.2.3.1 PZT Sol-gel Chemistry
A general overview of sol-gels is given in Section 2.2.1.1. The procedure used for the
synthesis of the PZT 30/70 sol-gel was developed by Zhang [9, 10, 11] - this precursor
consists of a mixture of Ti and Zr alkoxides and lead acetate in an acetic acid/alcoholic
medium. The structure and chemistry of this particular sol-gel are fairly complex: in
this system, the alkoxide groups of the Ti and Zr species are replaced with chelating
acetate ligands, drastically increasing the gelation time of the solution by stabilising it
with respect to hydrolysis. As a result, chain-like particles of metal oxo acetate species
(terminated with alkoxy groups) form and grow slowly in solution over time; in addition,
it has been established that the size of these particles may have an effect on the orien-
tation of the thin-films derived from the sol-gel. Detailed studies and kinetic modelling
of this PZT sol-gel system are presented and discussed in a series of papers by Zhang,
Huang, et al. [12, 13, 14] and are beyond the scope of this study.
The sol-gel used in this work was provided by Dr Q. Zhang (Cranfield University),
produced by the following method: Pb(OAc)2·3H2O was mixed with a stoichiometric
amount of the bidentate ligand methanolamine and dissolved in methanol by gentle heat-
ing at 50 ◦C. Separately, Zr(OiPr)4 (70 % in nPrOH) and Ti(OnBu)4 were mixed in the
ratio of 3:7, followed by the addition of acetic acid (AcOH) in the ratio of (Ti+Zr):AcOH
= 1:2. After dilution with EtOH, the mixture was stirred at room temperature for 1 hour.
Subsequently, the two metal precursor solutions were mixed together and stirred for a
further 2 hours, after which acetic acid was added, such that the pH ≈ 3.4. The solution
was passed through a 0.2 µm filter and, to complete the process, a small amount of ethy-
lene glycol (EG) was added to increase the solution viscosity. The final concentration of
this stock sol-gel is 0.4 M (relating to the concentration of the Zr/Ti species); it should
be noted that the actual molar ratio of Pb:(Ti+Zr) is close to 1.1:1. This excess of Pb is
used due to its volatility and loss from the films during heating: as perovskite PZT can
only tolerate a ∼ 2 % loss of Pb in the tetragonal structure, it is vital that this loss is
compensated for [15].
2.2.3.2 Sol-gel Deposition
Thin-films of PZT 30/70 were made by the following method: a substrate was loaded
into a Chemat KW–4A spin-coater, and a sufficient volume of filtered PZT sol-gel (using
a 0.2 µm PTFE filter) was loaded onto the substrate using an Eppendorf pipette — for a
12 mm x 12 mm substrate, a solution volume of 70 µl was used. Immediately after load-
ing, the substrate was spun at a speed of 3000 rpm for 40 s, resulting in the formation of
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a thin-film2. The substrate was removed, the underside cleaned with iPrOH, and placed
on a hotplate set at 200 ◦C for 45 s to remove any remaining solvent. The substrates were
then loaded into a Carbolite MTF 12/58/250 tube furnace and heated at different ramp
rates (from at temperature to 1 ◦C min−1) to the desired set-point of 480 ◦C ≤ T ≤ 600 ◦
C. The substrates were held at this temperature for between 5 and 60 minutes before
being allowed to cool back to room temperature. In Chapters 4 & 5, the concentration
of the PZT sol-gel was varied from 0.4 M to 0.001 M (with respect to [Zr+Ti]) to tune
the thickness of the thin-films: this was carried out by diluting the sol-gel with a mixture
of dried MeOH and acetic acid with a pH ∼ 3.4, the same as that of the stock PZT sol-gel.
Whilst both ZnO and PZT thin-films are prepared by sol-gel routes, different path-
ways govern the film-formation process: ZnO crystallises directly from the precursor
during the drying stage; however, in the case of PZT, the drying phase does not yield
the perovskite phase directly, instead forming an amorphous pyrochlore phase. This
phase possesses two forms, depending on the drying temperature used and the ambi-
ent conditions: one is Pb2(Zr,Ti)2O6, a relatively unstable, oxygen-deficient compound
which converts rapidly into the perovskite phase with sufficient thermal energy input;
the other is the Pb-deficient Pb2(Zr,Ti)2O7 which is much more stable and converts far
more slowly — this phase is one of the most common impurities for PZT prepared by this
method [16, 17]. Generally, it has been found that drying films in an inert atmosphere
can promote formation of the oxygen-deficient phase to promote perovksite formation;
additionally, using a sol-gel containing an excess of Pb2+ — as is the case in this study
— can also favour it.
Studies by Szafraniak-Wiza et al. have been carried out into the growth of PZT
nanoislands: these structures may be obtained by annealing very thin films of PZT with
sufficient thermal energy to activate reorganisation of the material — this process is
driven by minimisation of the surface free energy at the PZT–substrate interface [18, 19].
Although such nanostructures are potentially useful for a number of applications, full
surface coverage of ZnO by PZT is desired in this work; as such, careful control of both
the annealing temperature and time is required to prevent the break-up of the thin PZT
layers. Island formation has been studied for PZT films on SrTiO3 annealed between
600 – 1100 ◦C for times between 5 minutes and 10 hours and was observed to produce
irregular structures at lower temperatures (650 ◦C), whereas more ordered structures
were observed at higher temperatures (≥ 800 ◦C) [20]. The annealing temperatures used
in this work are much lower than those reported for the formation of nanoislands, but
2This spin-coating regime is noticeably different to that used for ZnO deposition: due to the different
fluid properties of the respective sol-gels (such as viscosity), different regimes are required to deposit
thin-films from these solutions.
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to this point no studies have been carried out on nanoisland formation in ITO/PZT or
ZnO/PZT heterostructures. Therefore, care must taken to ensure that the film does not
break up: to address this, this study aims to achieve crystallisation of PZT in the desired
phase whilst minimising the thermal energy input through use of lower temperatures and
shorter annealing times.
2.2.4 P3HT Processing
P3HT was used as the donor material for oxide:polymer bilayer hPV devices. The
processing conditions, particularly the solvent used to cast P3HT, are important in
determining the morphological properties of the polymer thin-films, which also have a
significant influence on the transport properties. Although no comprehensive study has
been carried out to determine the best solvent to use in the fabrication of ZnO/P3HT
hPV devices, there has been much research dedicated to P3HT processing for organic
field-effect transistors (OFETs) and for the P3HT:PCBM blend system used in OPVs.
In a study by Chang et al. into the effect of casting solvent on P3HT OFET mobility,
a range of different solvents with different boiling points (BP) were used: chloroform
(BP = 61.2 ◦C); thiophene (BP = 84 ◦C); xylene (BP = 138.5 ◦C); cyclohexylbenzene
(CHB, BP = 239 ◦C); 1,2,4–trichlorobenzene (TCB, BP = 214.4 ◦C) [21]. It was found
that, whilst P3HT easily dissolved in chloroform, thiophene, and TCB, its solubility is
relatively poor in xylene and TCB and constant heating is required to prevent gelation
of solution and formation of aggregates.
Using spin-coating, higher BP solvents such as xylene and TCB have been shown to
produce OFETs with higher mobilities: lower BP solvents tend to evaporate too quickly
during the spinning process, preventing crystallisation and therefore reducing the device
mobilities. Films derived from TCB solutions produced devices with the best mobilities,
followed by xylene: xylene produces slightly lower quality (less uniform) films due to
the effects of polymer aggregation. Similar trends have been reproduced in a number of
separate studies [22].
P3HT thin-films in this study were deposited by spin-coating from either xylene or
chlorobenzene solutions: xylene was chosen due to its high BP and high crystallinity of
the resulting thin-films of lower molecular weight polymer (Merck, Mw 60 kg mol
−1),
whereas CB was found to be more suited to those with higher molecular weights (De-
partment of Chemistry, Mw 84.7 kg mol
−1 [23]). To create a polymer solution, P3HT
was weighed and placed in a glass vial, followed by solvent addition using a micropipette.
In this work, solutions were made with concentrations ranging from 5 – 45 mg ml−1.
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For processing the xylene solutions, the vials were then heated to 85 ◦C on a hotplate
for 1 hour and the solutions kept heated throughout the whole deposition process to
ensure full dissolution of the polymer. For CB solutions, the polymer was stirred and
heated at 55 ◦C for 12 hours. Prior to deposition, the solution was heated to 85 ◦C for
30 minutes and held at this temperature throughout the process. For spin-coating, a
substrate was loaded into a Chemat KW–4A spin-coater and the substrate covered with
the hot solution using a micropipette, followed by spinning at 1500 rpm for 30 s.
2.3 Physical and Strucutral Characterisation
The films produced in this work were subjected to a number of structural characterisa-
tion techniques to evaluate key properties including the thickness (profilometry), crystal
structure (X-ray diffraction), and microstructure (AFM and TEM). Brief outlines of
these techniques and the instrumental setups used are given below.
2.3.1 Profilometry
Film thickness may be evaluated using a range of methods including optical or physical
means. Contact profilometry falls into the latter category and was used to measure the
thickness of both oxide and polymer thin-films. In this study a Veeco Dektak 150 was
used to evaluate film thickness: this apparatus is equipped with a diamond stylus (tip
radius of 5 µm) which is lowered until it makes contact with the surface with a constant
force (in this case, between 1.0 and 10.0 mg). The stylus is then moved in a straight
line across the surface for a specified distance, tracking changes in the stylus height. If
the stylus is dragged across a step in the film, the relative change in step height can be
measured by evaluating the film heights at the top and bottom of the step. To measure
film thickness, a section of the underlying substrate must be exposed to create such
step; additionally, the two regions must be sufficiently smooth to allow for an accurate
assessment of the change in heights.
To prepare films for contact profilometry, a step in the film between the sample ma-
terial and substrate must be created. In this study, this was carried out in three different
ways depending on the sample material: i) creation of a scratch in a deposited film by
using a scalpel blade — this is most effective for polymer films which are mechanically
less stable than oxides; ii) etching the top layer of a sample using a suitable orthogonal
etching agent with respect to the substrate — for P3HT, a solvent such as toluene would
normally be effective, whilst 2 M NaOH or HCl could be used to etch ZnO without
damaging the underlying glass or ITO; iii) for films which are more mechanically stable,
it is possible to create a steps during processing - in the case of spin-coating, a small
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area of the substrate may be masked by using Kapton tape prior to film deposition. This
creates a region of bare substrate which can be used as a reference area for profilometry
measurements. It should be noted that the presence of the masking agent can affect the
spin-coating process, leading to build-up of material at the tape edge and can affect the
removal of fluid from the surface. As such, the film thickness at this interface will not
be representative of the film thickness of the unmasked film; however, by using a longer
scan across the deposited material region of the substrate (i.e. to a large distance from
the masked area) it is possible to acquire an acceptable measure of the film thickness,
although the uncertainty in the final values will be greater than for films which do not
use this method.
Figure 2.2 – Film height calculation for a P3HT film spin-coated from a 10 mg ml−1
solution (using chlorobenzene as a solvent) on glass. The step in the film was created by
using a scalpel blade. The data were acquired for a scan length of 1000 µm at a velocity
of 20 µm s−1; a constant contact force of 1.5 mg was used. The substrate region (shown in
green) was used as a reference area to level the data and subsequently set to zero-height;
the step height was then calculated from the two remaining P3HT material regions (shown
in blue). The material build-up regions either side of the reference area occurred during the
scratching process and were excluded from the step height calculation. The measurement
yielded an average film height of 39 nm (with a standard deviation of 3 nm).
To evaluate film thickness, measurements were carried out on a minimum of two
separate samples; for each sample, line profiles were acquired in at least 6 different areas
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across the step region. To calculate the average film height for a single scan, the line
profiles were levelled by using a flat area of the sample — usually the substrate — as a
reference to correct for sample tilt and scanner bow effects; the reference area is then set
to zero height and the step height of the film calculated. A sample calculation of film
step height calculation is given in Figure 2.2.
2.3.2 X-Ray Diffraction
X-ray diffraction (XRD) has become one of the primary analytical techniques in solid-
state chemistry. It allows for non-destructive analysis of a material’s crystal structure,
provides data from which a large amount of structural information may be derived for
a given material, and is extremely versatile, both in terms of the materials that may be
studied by this technique and in the different types of measurement that may be carried
out. In this study, XRD was used to verify the crystallisation of materials in the correct
phase, to assess preferred crystallographic orientation of the films, and the approximate
crystallite size.
To carry out XRD, a crystalline sample is irradiated with monochromated X-rays and
the angles and intensities of the diffracted beam measured. The technique is underpinned
by Bragg’s Law, given in Equation 2.1:
nλ = 2dhkl sin θhkl (2.1)
where λ is the wavelength of incident radiation; dhkl is the separation between lattice
planes; 2sinθhkl is the scattering angle at which the intensity maximum is observed [24].
When a sample with an ordered structure is irradiated with X-rays, the incident radiation
interacts with electrons in the sample, leading to elastic diffraction of the beam. An
ordered sample contains defined sets of lattice planes, described by Miller indices in
the form (h k l), which have a defined interplanar d-spacing: as these spacings are of a
similar order to the wavelength of the inbound radiation, the planes may act as a grating
leading to diffraction of the X-ray beam. Whilst most of the diffracted radiation cancels
through destructive interference, in specific directions the interference is constructive,
leading to maxima in the diffracted beam intensity at certain angles. A diffractometer
therefore measures the diffracted beam intensity with changing angular dependence,
usually expressed in terms of 2θ. As each different (h k l) lattice plane present in a
crystalline structure satisfies Bragg’s Law at a specific value of θ, each structure will
generate a unique diffraction pattern and the d-spacing information acquired allows for
indexing of the structure and determination of lattice parameters [25].
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Figure 2.3 – Photograph of the Panalytical X’Pert Pro setup used in this work. Inset:
schematic representation of the angular relationship between the X-ray source and the de-
tector. Based on [26].
XRD patterns were obtained using two instruments: a Bruker D2 Phaser and a Pan-
alytical X’Pert Pro (shown in Figure 2.3). Both instruments are equipped with a Cu
X-ray source: an accelerated beam of electrons is fired at the metal, leading to ionisation
of 1s electrons. To fill this core hole, either a 2p → 1s transition will occur, generating
Kα1 (1.5405 A˚) and Kα2 (1.5444 A˚) radiation
3; a 3p→ 1s transition generates Kβ radi-
ation which is filtered using a Ni filter. The Bruker D2 Phaser generates X-rays using a
tension of 30 kV and a current of 10 mA; all samples were acquired using a step-size of
0.033◦ 2θ and a time-per-step of 0.7 s. The Panalytical X’pert Pro operates at a tension
of 40 kV and 40 mA, and is equipped with 0.04 rad Soller slits to minimise background
radiation. Data were acquired using a step-size of 0.033◦ 2θ. Thin-film samples were
mounted and levelled using a hand-press, and subsequently rotated during the measure-
ment at a speed of 60 rpm. Powder samples were loaded onto a sample holder, levelled
with a clean glass side, and not spun during measurement.
Scherrer analysis was used to estimate crystallite sizes in the thin-films. The Scherrer
3Kα1 and Kα2 (with wavelengths separated by ∼ 0.004 A˚) due to the fact that the 2p electron may
be either a spin-1/2 or a spin-3/2
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Equation describes the size-dependent contributions to diffraction peak broadening from
the crystallites [27] and is given as follows.
d =
Kλ
(βmeas − βins)cosθ (2.2)
where d is the crystallite size (in A˚), K a shape factor (this varies from ∼ 0.7 – 1.3; where
detailed crystallite information is not known, 0.9 is usually a good approximation [28]),
λ the X-ray wavelength, βmeas the FWHM of the sample peak (in radians), βins the
measured peak broadening due to the instrument, and θ the Bragg angle of the peak.
βins can be obtained by using a single crystal standard, such as Si — for a perfect
crystal, the peak broadening due to the crystallite should tend to 0, thus the peak
broadening observed in the standard can be assumed to arise solely from the instrumental
setup. There are two main caveats associated with Scherrer calculation: firstly, that
the method is generally limited to particles smaller than 100 nm, and secondly that it
provides a lower-bound estimate for the crystallite size and that further peak broadening
contributions, such as strain, may not be taken into account [29].
Figure 2.4 – Full width at half maximum (FWHM) calculation for Scherrer analysis. The
XRD pattern on the left shows a single crystal Si (111) peak used to determine the instru-
mental broadening (βins) of the apparatus. The right-hand XRD pattern was acquired for
a sol-gel-derived ZnO film on glass and displays the (002) peak of the material. Background
modelling was carried out using a Sonneveld-Visser algorithm prior to calculation of the
FWHM. Here, the (002)-orientated ZnO crystallite size was determined to be 51 nm, using
a K value of 0.9.
In this work, Scherrer measurements were conducted as follows: to calculate βins, a
diffraction pattern for a Si standard was acquired using the same instrumental setup and
scan parameters (step size and per-step scan time). For ZnO, the Si (111) peak was used
as this falls at a 2θ value of 28.44◦ which lies close to the (100), (002), and (101) peaks of
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ZnO. Calculation of the FWHM for the peaks of both the standard and the sample was
carried out using the Panalytical X’pert Software suite by applying a Sonneveld-Visser
background subtraction to the raw XRD data; this was followed by a measurement of
the peak height to determine the half maximum position and, subsequently, the FWHM.
An example of this peak measurement is given in Figure 2.4. The crystallite size values
quoted in this study were averaged between at least 3 samples.
2.3.3 Transmission Electron Microscopy
Transmission electron microscopy (TEM) can be used to examine the cross-sectional
microstructure of a thin-film with very high resolution — in this work, it was used to
identify the structure of ZnO and ZnO–PZT thin-films and to help elucidate the growth
mechanisms of these materials. In TEM, a beam of electrons is accelerated towards a
sample. As the electrons interact with the material, an image is produced which can be
detected by the instrument [30]. Its operation is analogous to that of an optical light
microscope; however, given the small de Broglie wavelength of the electrons, much higher
resolution is possible. Sample preparation is of vital importance in TEM as an extremely
thin sample is required, typically on the order of ∼ 100 nm: in this work, cross-sections
were cut out of bulk thin-films using the focussed ion beam lift-out method [31].
The main component of a transmission electron microscope is the column, illustrated
in Figure 2.5: after loading the sample into the microscope, the column is pumped down
to high vacuum. The electron beam is generated by applying an accelerating voltage (on
the order of 100 – 200 kV) between a metal tip (usually tungsten) and an anode. The
beam is passed through a set of magnetic lenses — the condenser, the objective, and
the projector. The condenser is a set of lenses and apertures used to reduce the beam
diameter and offers effective control of the spot size and beam convergence; additionally,
this also controls the fraction of the beam incident on the specimen which can have an
impact on the intensity of illumination. The beam then passes into the objective system
which generates an initial (inverted) image of the sample: as the quality of the final
image depends on the quality of the initial image, the role of the objective system in
imaging is crucial. The projector system then allows magnification of the final image
which is subsequently captured using a phosphor screen or a CCD detector.
Image contrast in TEM depends on the interaction between the electron beam and
the sample: the electron beam may be unaffected by the sample, whilst in other cases
scattering (both elastic and inelastic) may occur. The effective cross-section of an atom
depends on the square of its radius, thus heavier atoms scatter the electron beam moreso
than lighter ones, leading to distinct regional contrast in the final image — imaging in
this mode is referred to as bright field. It should also be noted that sample thickness
94
Figure 2.5 – Schematic diagram of a typical TEM column, reproduced from the JEOL
2000FX handbook.
can also play a role in contrast (thicker areas of a sample will create more scattering
events and therefore will appear darker), and thus can add an extra layer of complexity
to image analysis. Bright field imaging was considered to be well suited to this work,
especially given the differences in atomic mass between Pb and Zn. The TEM images in
this work were acquired using an FEI Titan 80/300 with accelerating voltages of 300 kV.
After acquisition, the images were processed using the programme Digital Micrograph.
2.3.4 Atomic Force Microscopy
Atomic force microscopy (AFM) is a powerful, non-destructive technique which can be
used to image surface structure with very high resolution. In this regard, it is comparable
to scanning electron microscopy (SEM); however, whilst SEM provides a two-dimensional
image with height-related contrast and excellent depth-of-field, AFM can generate a
true three-dimensional map of a surface including detailed height information — this
can subsequently be used in quantitative surface analysis [32]. Additionally, there is a
myriad of different AFM techniques which may be used in analysis of different surface
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properties (e.g. conductive AFM to measure local current-voltage characteristics [33]), or
in functionalisation of a surface (modified AFMs have been used in nanolithography [34]).
In this work, tapping mode (intermittent contact) AFM was used to characterise the
surfaces of ZnO and ZnO–P3HT thin-films, generating topography (height), amplitude
error, and phase offset maps. In Section 4.4.1, quantitative analysis of AFM data was
used extensively to describe the surface structure of these films. These studies were
carried out using a Bruker Multimode Nanoscope AFM.
Figure 2.6 – Top: a schematic diagram of a typical tapping mode AFM setup: the probe is
oscillated at a set amplitude, whilst the sample is rastered in the x-y directions underneath
it. The probe makes intermittent contact with the sample resulting in oscillation in the
cantilever deflection; by measuring this against the input oscillation, the forces acting on
the probe may be measured [32]. Bottom: representation of the amplitude offset caused by
interaction of the vibrating probe when engaged with a sample.
A representation of an AFM operating in tapping mode is given in Figure 2.6. The
instrument in this study is a sample scanning microscope, i.e. the AFM probe is fixed
whilst the sample is mounted on a moving stage: the high-precision control in x, y, and
z directions required by the technique is achieved by changing the applied voltage across
piezoelectric components [35]. The AFM probes used in this work (Bruker OTESPA,
resonance frequency 300 kHz) consist of a rectangular, Sb-doped-Si cantilever which
posses a sharp tip with a length of 15 – 20 µm and a radius of 8 nm. In this mode of
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operation, the cantilever oscillates at just below its resonant frequency with the tip mak-
ing intermittent contact with the surface. Interactions between the tip and the sample
surface dampen the oscillation amplitude; consequently, the AFM feedback mechanisms
adjust the height of the stage to attempt to maintain a constant oscillation amplitude,
thus providing a measure of sample height. Deflection of the probe is measured using a
laser which reflects off the cantilever into a 4-sector photodetector, thus allowing detec-
tion of both vertical and lateral deflection. A more in-depth description of atomic force
microscope setups is given in [32].
In addition to the height maps generated in tapping mode AFM, phase offset images
are also often acquired. Due to the attractive forces between the tip and the sample,
contact between the two causes an offset in the phase of the oscillation (illustrated in
Figure 2.6). The phase shift depends on a number of factors, predominantly the adhe-
siveness of a surface (as well as height contributions) [36]; as such, different materials
can exhibit different offsets in phase depending on their physical properties, and bipha-
sic systems — especially in the case of soft materials — often show significant phase
contrast. Due to the height contribution to the phase, deriving quantitative data from
phase images can be difficult; however, it can be useful for identifying phase separation
in materials systems.
In this study, 0.75 x 0.75 (512 lines), 2 x 2 (512 lines), and 15 x 15 µm (1024 lines)
scans were acquired using scan rates between 0.5 and 1 Hz. Cantilever tuning was carried
out automatically using the AFM software; typically, images were acquired using a drive
amplitude of around 75 mV and an amplitude setpoint of 180 mV. Images were processed
using the Gwyddion software suite [37]. The images in this work have been corrected
for background effects using a polynomial subtraction and line corrected. Additionally,
surface reconstruction to take into account tip effects were applied to the images using
the tip parameters supplied by the manufacturer.
Film roughness parameters were derived from all AFM height scans acquired in this
study. Roughness is a useful quantity which is routinely derived from AFM data and
can often be correlated with material properties: for example, increased roughening of
a surface can lead to an increase in light scattering. The roughness parameters Ra
(arithmetic) and RRMS (root-mean-squared) for the film series were derived from the
Z-height scans. These describe the deviation of the height of a film from a mean plane
and are given by:
Ra =
1
n
n∑
i=1
|yi| (2.3)
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RRMS =
√√√√ 1
n
n∑
i=1
yi2 (2.4)
where yi is the height of the i
th point relative to the mean line and n the number of
points [32]. These two measures of roughness are fairly similar although RRMS is always
larger than Ra for a given sample; RRMS is also more sensitive to outlying data points.
2.4 Compositional Characterisation
The composition of ZnO–PZT films was probed in both the surface and bulk regions
by using X-ray photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass
spectrometry (ToF-SIMS) respectively. As it is harder to assume direct control of many
processing variables in solution processing cf. vacuum deposition, these techniques were
employed to monitor the uniformity of composition across the samples made in this
work. Additionally, such characterisation can aid in the elucidation of material growth
mechanisms.
2.4.1 X-Ray Photoelectron Spectroscopy
Figure 2.7 – Energy-level representations for the emission of electrons in X-ray, Auger, and
Ultraviolet photoelectron spectroscopy. Diagram drawn with reference to [38].
Photoelectron spectroscopy (PES) is an important tool in surface analysis for de-
termining material characteristics including elemental composition, oxidation state, and
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electronic properties. In this work, XPS was used to determine the surface composition
of ZnO–PZT thin-films; whilst ultraviolet photoelectron spectroscopy (UPS) was also
considered to probe the surface electronic properties of these films, it was found that
the PZT-modified films built up excessive amounts of surface charge, thus leading to
significant distortion of results.
The technique is based on the photoelectric effect — when a material absorbs incident
high energy radiation such as X-rays or UV light, it ejects electrons from the surface (also
described as photoelectrons) which are detected in PES. The kinetic energy (Ekin) of
these photoelectrons can be related to the binding energy of the atoms from whence they
came by the application of the energy conservation principle:
Ekin = hν − EB + φ (2.5)
where hν is the photon energy, EB the binding energy of the electron in the solid, and
φ is the Fermi energy of the material4. The two main variants of PES are XPS, mainly
used for probing chemical composition with hard X-rays, and UPS, which is used to
characterise the valence levels of a material using ultraviolet radiation. Auger electron
spectroscopy (AES), is also used extensively as a complementary technique to XPS —
Auger electrons5 give similar information to photoelectrons generated in XPS, but the
smaller spot size allows identification of fine surface features [39]. A representation of
the mechanisms of electron ejection in XPS, AES, and UPS is given in Figure 2.7.
PES is used to probe the top 1 – 12 nm of a sample; whilst the interaction volume
created by the incident radiation may be on the order of micrometres, only electrons
at the surface will escape to vacuum — those ejected deeper within the material are
trapped before reaching the surfac. Whilst PES is a surface technique, depth profiling
may be carried out by etching the material to create a cross-section which may then be
analysed. Traditionally, PES is a technique carried out under ultra-high vacuum (UHV,
p < 10−7 mbar) as the detector is set at some distance from the sample and the presence
of gases in the chamber will lead to further scattering of the photoelectrons. However,
recent developments have seen the manufacture of PES systems which are able to operate
under ambient conditions — this is particularly useful for studying materials which are
processed under ambient conditions as UHV may cause changes in the surface such as
4EB is measured with respect to the Fermi level of the material; in practice, the sample is electrically
connected to the spectrometer, thus it is measured with respect to the Fermi level of the spectrometer.
5When a core electron is ionised from an atom, an electron from a higher lying shell drops into the
hole, releasing radiation with characteristic energy. Auger electrons are generated when this emitted
radiation ionises a second electron from the atom.
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Figure 2.8 – a) A typical angle-resolved photoelectron spectroscopy setup; b) diagram of
an electrostatic energy analyser, used in the collection and kinetic energy measurement of
photoelectrons.
removal of adsorbate or other species within the material. The samples are prepared for
PES by mounting onto a metal stub with a small square of carbon tape and creating
a conductive pathway from the film to the stub using silver paint. Prior to analysis,
samples for PES were kept in the dark in a dry N2 atmosphere.
XPS is an extremely important surface analysis technique in materials science. By
analysing a sample over a wide range of energies, characteristic peaks for the major
components of a material can be identified and the relative atomic ratios calculated by
fitting the peak areas, thus giving an accurate measure of surface composition. Higher
resolution scans focussing on characteristic atomic peaks allows for analysis of their
chemical environments and can yield information such as oxidation state and the nature
of chemical bonding: for example, in analysing the O 1s peaks for a ZnO sample, the
resulting peaks often contain several components (in the case of oxygen, species such as
oxide (–O) and hydroxyl (–OH) bonds may form), each possessing a slightly different
binding energy [40]. These components can be fit by using Gaussian–Lorentzian models,
and the relative ratios of each component can be determined, provided the resolution of
the instrument is high enough.
In this study, XPS was carried out using Mg Kα radiation (hν = 1253.6 eV) under
a vacuum of 4 × 10−10 mbar. Photoelectrons were detected using a semi-spherical
channeltron with a pass energy of 5 eV. Data fitting and analysis was carried out using
CasaXPS software: to calculate the elemental ratios from the full XPS spectrum, the
spectrum was calibrated and fitted with a background; subsequently, the elemental peaks
were assigned based on known reference core lines — and example of this is presented
in Figure 2.9. Composition was obtained by calculating the peak areas obtained by
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Figure 2.9 – A wide scan X-ray photoelectron energy spectrum acquired for a spray-
pyrolysed ZnO film on ITO using Mg Kα radiation. Characteristic O and Zn peaks have
been assigned. Inset: Gaussian peak fitting for the Zn 2p3/2 core line — note that this
fitting has been carried out on background subtracted data.
Gaussian–Lorentzian fitting for the different elemental components, and correcting the
values using known atomic sensitivity factors. It should be noted that the elemental
ratios derived by this method are relative rather than absolute measures of compositon;
however, comparison of elemental ratios can be extremely useful in the analysis of oxide
materials.
2.4.2 Time-of-Flight Secondary Ion Mass Spectrometry
ToF-SIMS is a technique for compositional analysis which uses an ion beam to remove
atoms from the surface of a sample, followed by their extraction towards a detector:
as such, this is a destructive technique. Additionally, the apparatus requires ultra-high
vacuum conditions to increase the mean free path of the liberated ions and to prevent
loss of material through collisions with foreign species in the analysis chamber. Here,
ToF-SIMS was used to analyse the composition of ZnO–PZT thin-films as a function of
depth. Whilst ToF-SIMS does not provide an absolute quantitative measure of the sam-
ple composition, the changes in composition of an elemental signal through the sample
can provide a lot of information on film structure and growth.
ToF-SIMS, also known as static SIMS, relies on the principle that ions with the same
energy but different mass travel at different velocities; the mass of the ions generated from
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the sample is measured by the time taken for an ion to travel from the sample surface to
the detector — the time-of-flight in this work was measured from the short pulse of the
primary ion beam (< 1 ns) [41, 42]. This gives an extremely accurate mass resolution
as well as detection limits in the parts-per-million range; additionally, the technique can
offer sub-micron lateral resolution if tightly focussed ion beams are used [43].
For this study, ZnO and PZT thin-films were grown on Si wafers and depth profiling
was carried out using an Ion-Tof GmbH TOF.SIMS5 instrument. A dual-beam setup
was employed for depth profiling: this uses a short pulse Cs+ sputtering beam and a 25
keV Bi+ analytical beam, both of which are angled at 45◦ to the substrate are pulsed
in an alternating sequence during depth profile analysis — this allows for acquisition of
data with nanometre-scale depth resolution. Additionally, a low energy electron beam is
directed at the target area to prevent a build up of charge on the sample surface. In the
mode of operation used in this work, the sputtering beam erodes the sample to generate
a crater with the analytical beam focussed in the centre to avoid analysis of the edges.
Generally, this method generates secondary CsM+ ions, although monoatomic ions can
also be generated; unless otherwise stated, the elemental signals acquired in this work
were derived from the Cs-bonded species. After sputtering, an extraction field of 2 kV
was applied to draw the ions into the ToF analyser; these are subsequently focussed
towards an ion mirror which reflects the ions downwards into the detector.
2.5 Optoelectronic Characterisation
Optical characterisation methods were used in this study to probe characteristics of
ZnO–PZT thin-films relevant to their operation in hPV devices: UV-vis spectroscopy
was used to calculate ZnO band gaps and to evaluate film transparency, whereas pho-
toluminescence (PL) and transient absorption spectroscopy (TAS) were used to analyse
charge dynamics at the ZnO–PZT–P3HT interface.
2.5.1 UV-visible Transmission Spectroscopy
Ultraviolet–visible spectroscopy (UV–vis) was used in this study to calculate material
band gaps, estimate film thickness, and determine optical transmission for both oxide
and polymer materials. This was carried out using a Bentham 2000 Series Spectrometer
which passes a beam from a halogen light source through a pair of diffraction gratings to
achieve monochromation. The beam is subsequently collimated to achieve a defined spot-
size and directed through the sample towards a Si photodetector which tracks changes in
the incoming light intensity. Optical transmission (expressed in T%) is calculated from
a background scan which measures the beam signal strength over the same wavelength
102
range in the absence of a sample. Transmission of light is affected by a number of factors
such as reflection from a material’s surface, scattering or reflection of light at interfaces,
scattering of light due to charge carriers, and electronic excitation [44].
The transmission of a material is related to the absorbance by the Beer-Lambert law.
For a transmission percentage, T(%), the absorbance (α) is given:
T (%) = 100
I
I0
= 100 e−σlN (2.6)
α = −
(
ln
I
I0
)
(2.7)
I/I0 is the ratio of the transmitted intensity to the incident intensity of radiation, σ an
absorption and scattering cross-section, l the path length, and N the concentration of the
attenuating medium [45]. It should be noted that absorbance is sometimes calculated in
decibels (dB) using a base 10 relation which can sometimes lead to confusion.
Figure 2.10 – Tauc plot for calculation of the direct band gap of a 60 nm-thick film of
spray-pyrolysed ZnO on glass.
The band gap of ZnO was calculated using the Tauc method [46]: for a direct band
gap material such as ZnO [47], the absorbance is approximately related to the band gap
(Eg) by:
α =
A∗
√
hν − Eg
hν
(2.8)
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A∗ is a material-dependent factor. By plotting (αhν)2 vs hν, the band gap can be
estimated by extrapolating the slope of the curve to the x-axis, with the intercept equal
to Eg.
2.5.1.1 Thickness Evaluation
The thickness of spray-pyrolysed ZnO thin-films was evaluated from their UV-vis absorp-
tion spectra. The absorption coefficient, γ, of a material is related to its transmittance
by [48]:
γt = −ln
(
T
1−R
)
(2.9)
where t is the material thickness and R the reflectance. Given the very low thicknesses
of ZnO in this work, the changes in reflectance were assumed to be negligible within this
range (< 100 nm), thus yielding the relation:
t =
α(λ)
γ(λ)
(2.10)
In this work, γ was measured using ellipsometry (evaluated at 368 nm, the band-edge
of ZnO), as well as the thickness. The thickness values for these films derived from the
UV-vis absorbance were in agreement with those obtained from ellipsometry; subsequent
profilometry measurements also yielded similar values. Whilst only valid within a small
range of thicknesses, this method was used to measure the thickness distribution of thin-
films deposited using the same processing conditions and routine (i.e. towards a single
target thickness).
2.5.2 Photoluminescence Spectroscopy
Photoluminescence (PL) spectroscopy is a versatile technique which can be used to mea-
sure the electronic properties of materials through photoexcitation and subsequent ob-
servation of radiative decay. In this study, PL was used in two ways: firstly to provide a
qualitative comparison between the defect signatures in ZnO (for both unmodified and
PZT-modified films); secondly, charge generation in D–A polymer:oxide systems may be
probed by exciting the donor polymer and monitoring the subsequent PL emission —
changes in PL emission can be related to changes in exciton quenching dynamics.
Photoexcitation of a material from a singlet ground state produces an excited state.
The decay of the excited state may proceed by several pathways: vibrational (non-
emissive) relaxation, radiative decay from a singlet excited state (fluorescence), and
radiative decay from a triplet excited state (phosphorescence). Additionally, resonant
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Figure 2.11 – Representation of a typical PL emission spectroscopy setup.
radiation may also occur in which a photon of a particular wavelength is absorbed and
re-emitted on an extremely short (nanosecond) timescale. As the energy of the emission
is characteristic of the energy level of the excited state, this allows for quantification of
the electronic properties of materials if data is acquired using high resolution appara-
tus [49]. In this work, two PL experiments were carried out as follows:
Probing Oxide Defects: in ZnO and ZnO–PZT thin-films, the defects in ZnO were
probed by exciting the ZnO with an above-band gap energy of 320 nm (3.87 eV) and
PL emission scanned in the range 350 – 650 nm. In semiconductors, the most intense
primary emission band corresponds to emission from the conduction band of the ma-
terial, whereas emission at below band gap energies is generally indicative of material
defects. Although the experiments used were not able to provide quantitative data on
the ZnO defects, qualitative comparison between ZnO and ZnO–PZT thin-films yields
information on the relative defect density, as well as the general location of defect levels
in the mid-gap [50].
Measuring Exciton Quenching: for films with a donor–acceptor heterojunction, it
is possible to probe charge generation dynamics in the donor material using PL. In this
work, the effect of PZT modification on charge generation in P3HT was probed by excit-
ing the P3HT (550 nm, 2.25 eV) and scanning for emission in the range 575 – 850 nm. On
excitation of the polymer, excitons are generated which may decay radiatively; however,
if excitons dissociate into their respective polarons before undergoing radiative decay,
no emission occurs. Therefore, a decrease in PL intensity from a reference (neat) P3HT
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film indicates a degree of exciton quenching and thus charge generation in a film [51].
A typical representation of a PL instrumental apparatus is given in Figure 2.11.
In this work, an Horiba Fluorolog-3 equipped with a HgXe probe source was used to
measure films for both of the aforementioned experiments. After acquisition of the raw
data, corrections for film absorption were made by measuring the absorbance of each
thin-film at the excitation wavelength of the film using UV-vis spectroscopy.
2.5.3 Transient Absorption Spectroscopy
Transient absorption spectroscopy (TAS) is a powerful technique for probing charge dy-
namics in materials down to the picosecond regime and has become an important tool
for analysing and understanding OPV operation. TAS is a time-resolved pump–probe
technique in which the sample is irradiated with a short burst of monochromatic light
(pump) and a second pulse at a different wavelength (probe) is used for measuring the
absorption of the sample after excitation. Excitation of the P3HT in this work gener-
ates excitons which may dissociate at the donor–acceptor interface to yield free charge
polarons. By probing the population of free hole polarons in the P3HT over time, their
decay can be measured which yields quantitative information on recombination in these
materials — the faster the polaron decay signal, the greater the degree of free charge re-
combination. It is believed that signals from charge-transfer states and free hole polarons
are indistinguishable, and thus the polaron lifetime takes into account contributions from
both geminate and non-geminate recombination mechanisms [52].
In this work ZnO–PZT–P3HT films were excited using 1 ns laser pulses (at∼ 30 µJ cm−2)
with a pump wavelength of 510 nm. A probe wavelength of 980 nm was selected to detect
hole polarons in the P3HT [53], generated using a monochromated quartz halogen lamp.
Usually, TAS data is plotted as change in absorbance (or optical density, ∆OD),
calculated using the Beer-Lambert law given in Equation 2.6. The number of polarons
per cm2 (np) present in the active layer after excitation is given by Equation 2.11:
np =
∆OD
 1000
NA (2.11)
where NA is Avogadro’s number. To calculate the efficiency of excitation (η, i.e. the
ratio of generated polarons to incident photons (ni), np/ni:
ni =
Eλex
hc
(2.12)
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η =
np
ni
=
∆OD hc
 1000E λex
NA (2.13)
where λex is the excitation wavelength.
2.6 Hybrid Photovoltaics
This section covers the fabrication process and testing of bilayer hPV devices incorpo-
rating the ZnO–(PZT)–P3HT active layer. Data derived from these devices is presented
in Chapter 5.
2.6.1 Device Fabrication
Bilayer devices with the structure ITO–ZnO–(PZT)–P3HT–MoO3–Ag were fabricated
in a multi-stage process: firstly, the patterned ITO substrates were cleaned using the
procedure outlined in Section 2.16; after ZnO deposition (Section 2.2.2), a small area of
the ITO at the edge of the film was exposed by etching with dilute HCl, followed by
rinsing and drying. This area was then masked using a small piece of Kapton tape (heat
resistant to 250 ◦C) prior to PZT deposition to prevent the exposed ITO from coming
into contact with the sol-gel. After PZT deposition (Section 2.2.3), the polymer layer
was deposited as outlined in Section 2.2.4 and the an area of ITO exposed by removing
the polymer with a cotton swab impregnated with toluene.
The device structure was completed by evaporating MoO3/Ag top contacts using a
Kurt J. Lesker thermal evaporator. A laser-cut mask was employed during deposition
for patterning the contacts. Prior to device testing, small quantities of silver paint were
applied to the non-active edges (i.e. outside of the ITO pattern on the substrate) of the
top contacts and to the exposed area of ITO (bottom contact) to ensure a good electrical
contact between the pins in the testing unit and the device. Before testing, the devices
were loaded into testing chambers inside a glovebox, sealing them in a N2 environment.
6Whilst UV–O3 treatment of ITO is often used in device fabrication, this step was omitted in this
study. Although the treatment confers increased hydrophilicity to the surface, the introduction of O2−
ions into the ITO surface increases the work function of ITO and lowers surface conductivity. Whilst
this has been shown to improve hole injection in organic light-emitting diodes [54], the increase in work
function increases the gap to the work function of ZnO [55] which, in the case of hPVs, may create
an energetic barrier at this interface and inhibit charge collection; therefore, in this work this step was
omitted as an Ohmic contact between ITO and ZnO was desired.
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2.6.2 Solar Cell J–V Testing
The hPV devices were characterised by measuring their J–V characteristics in the dark
and under illumination. This was carried out using by connecting the devices to a
Keithley 2420 SourceMeter and using a Keithley Oriel Solar Simulator equipped with an
AM 1.5G filter as a light source. Before device testing, the solar simulator was calibrated
using a Si photodiode to adjust the incident light intensity to 100 mW cm−2.
Figure 2.12 – Dark and illuminated (100 mW cm−2) J–V curves obtained for a ZnO–P3HT
based bilayer hPV device.
Typically, J–V curves were acquired by sweeping the device voltage from -1.5 – +1.5 V
(step size 0.015 V); the devices were connected to the source meter such that under
reverse bias the voltage appeared in the 3rd quadrant, moving into the 1st quadrant
under forward bias: this is illustrated in Figure 2.12. For each sample, 3 measurements
were taken: firstly under dark conditions, then under illumination, and lastly a second
dark scan was taken after illumination to monitor changes in J–V behaviour.
Under illumination, devices were typically irradiated with light for less than 2 minutes
in total. However, tests were carried out to investigate changes in device performance
with prolonged illumination (up to 30 minutes). The four main solar cell characteristics
(defined in Section 1.3.1) — short-circuit current density (Jsc), open-circuit voltage (Voc),
fill-factor (FF), and power conversion efficiency (PCE) — were calculated automatically
by the data acquisition programme on completion of the measurements. Additionally,
series and shunt resistances were calculated under dark conditions: shunt resistance may
be derived from the inverse of the slope of the J–V curve under saturation in the reverse
bias regime (typically at -3 V), whilst series resistance may be similarly calculated by
the same method at the forward bias saturation point (typically +3 V).
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Chapter 3
Growth and Structure of
Sol-gel-derived PZT Films on ZnO
3.1 Introduction
In this chapter, a study into the growth of sol-gel-derived lead zirconate titanate (PZT)
thin-films on indium tin oxide (ITO) and ZnO is reported. A limited number of papers
have been published on the growth of ZnO–PZT structures: the use of ZnO as a ‘bridg-
ing’ growth layer for epitaxial growth of PZT 52/48 by pulsed laser deposition (PLD)
has been reported by Chen et al. [1]; a similar study had also been carried out previously
by Wang [2]. In both cases, the presence of the ZnO buffer layer led to an increase in
capacitor performance due to changes in the preferred orientation in the ZnO–PZT film,
as well as a reduction in fatigue properties. Recently, there has been interest in ferroelec-
tric (FE) oxide–ZnO heterostructures which exploit the polarisation coupling between
the switchable FE polarisation and the piezoelectric polarisation of ZnO [3]: Zhou et
al. reported the sol-gel deposition of PZT 52/48 on ZnO for this purpose, showing crys-
tallisation of the former in the desired FE phase [4]; however, this report carries little
in the way of materials characterisation beyond X-ray diffraction (XRD) and UV-vis
spectroscopy.
Given the limited available literature on the growth of ZnO–PZT bilayers, initial
experiments were carried out into ITO–PZT thin-films for two main reasons: firstly the
growth of PZT on ITO is well-documented and provides a reference point for the growth
of ZnO–PZT films; secondly, ITO was considered to be an appropriate test substrate for
growth given the batch-to-batch similarity between as-purchased ITO units. The effect
of the annealing conditions on the crystal structure of ITO–PZT thin-films was studied
(for temperatures < 600 ◦C) and subsequently these were used as a guide and comparison
for the investigation into ZnO–PZT growth. The growth mechanism for ITO–PZT films
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has been investigated by Roy et al. who propose that layer growth proceeds via forma-
tion of rosette structures: seeds of crystalline PZT form on the ITO from the pyrochlore
precursor phase, initially growing in the direction normal to the substrate followed by
rapid lateral growth. PbO has been cited as a key agent in this process, as growth of
rosettes of perovskite is limited by the availability of PbO to the PZT precursor phase [5].
Other examples of ITO–PZT heterostructures include the growth of 3-dimensional or-
dered macroporous (3DOM) structures of PZT on ITO by sol-gel [6].
In this chapter, the growth of ZnO (both sol-gel-derived, Sol-Z, and spray-pyrolysed,
SP-Z) used in this work is outlined and characterisation of the films’ crystallinity and mi-
crostructure evaluated. The effect of annealing conditions was then investigated for both
ITO–PZT and ZnO–PZT films using X-ray diffraction (XRD) and the microstructure of
these films compared using atomic force microscopy (AFM). More in-depth characteri-
sation of ZnO–PZT films was carried out using transmission electron microscopy (TEM)
and the composition probed using time-of-flight secondary ion mass spectroscopy (ToF-
SIMS).
3.2 Growth of ZnO
ZnO was prepared by two methods, namely spin-coating of a sol-gel precursor and by
spray pyrolysis — the experimental procedures for these two techniques are outlined
in Section 2.2.2. The sol-gel method was chosen due to prior experience with these
films and due to the success found in employing these films in ZnO–P3HT (poly(3-
hexylthiophene) hybrid photovoltaic (hPV) devices; spray pyrolysis offers a fast method
for producing crystalline ZnO with reasonable thickness control. Moreover, a multitude
of reports incorporating SP-Z films into electronic devices such as thin-film transistors [7]
and hPVs [8, 9] have been published. In this section all experiments were carried out
using soda-lime glass as substrates.
For analysis of XRD data, the ZnO peaks were compared against a standard ZnO
reference, JCPDS reference 00-001-1136 (zincite). A comparison of ZnO peak positions
for the films deposited in this work are shown in the Appendix (Table A.2). A simulated
XRD plot for a reference ZnO powder is shown in Figure 3.1: the simulation (Cu Kα1
radiation, step size 0.033◦) was carried out through the Inorganic Crystal Structure
Database (ICSD, FIZ Karlsruhe) using structural parameters determined by Kisi et al.
from neutron diffraction on a ZnO powder sample [10].
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Figure 3.1 – Simulated XRD powder pattern for ZnO, calculated using Cu Kα1 radiation
(1.5406 A˚) and a step size 0.033◦. Pattern produced using the Inorganic Crystal Struc-
ture Database (ICSD, FIZ Karlsruhe); structural data used in the calculation was provided
by [10]. Reference d-spacings and peak positions used in this work are given in Appendix
Table A.2.
3.2.1 ZnO Growth from Sol-gel
Sol-Z films were synthesised using the method outlined by Downing et al. [11], as outlined
in Section 2.2.2.1: a Zn(ac)2 sol-gel with a concentration 0.75 M was spin-coated and
dried at 300 ◦C for 10 minutes; this was repeated twice more followed by an annealing step
at 450 ◦C to improve crystallinity. These processing conditions produced a crystalline
ZnO thin-film with a thickness of∼ 145 nm as measured using profilometry. The resulting
films exhibit high transparency in the visible region (> 80 %) and had previously been
employed successfully as acceptor layers in hPV devices. All ZnO films exhibited a strong
orientation preference in the (002) direction, cf. ZnO powder, in which the relative peak
intensity (RPI) for this orientation is only ∼ 30 %.
As shown in the inset of Figure 3.2, annealing of the Sol-Z led to an increase in
the intensity of the (002) peak which may be interpreted as an increase in crystallinity.
There was no substantial change in the full width at half maximum (FWHM) with
annealing, and thus little change in the crystallite size derived using the Scherrer equation
(Equation 2.2) was measured — for films annealed for 1 hour, this was determined to
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Figure 3.2 – XRD pattern for a Glass–Sol-Z thin-film annealed at 450 ◦C for 1 hour.
Inset: small angular region containing showing the effects of annealing time on the (002)
peak shape.
be ∼ 57 nm for the (002) orientation measured from three different samples; crystallite
sizes for the (100) and (101) orientations were not determined due to the weak intensity
of the diffraction peaks (as noted in Section 2.3.2, Scherrer analysis yields approximate
measures of crystallite size). Scanning electron microscopy (SEM) images of films before
and after annealing did not exhibit much discernible difference in topography, suggesting
that the microstructure is ‘set’ during the spin-coating/drying phase: these are shown
in Appendix Figure A.1. Growth of the Sol-Z films on ITO yielded similar diffraction
patterns. More in-depth analysis of the microstructure of Sol-Z films is given below in
Section 3.2.3.
3.2.2 ZnO Growth by Spray Pyrolysis
SP-Z thin-films were produced as detailed in Section 2.2.2.2: for these experiments, a
0.1 M precursor solution was sprayed onto substrates heated to 400 ◦C; the spraying
height was fixed at 20 cm and the carrier gas pressure set at 2 bar. SP-Z films used to
grow PZT layers were fabricated using an 8-cycle coating routine, each cycle consisting
of 4 passes over the substrate (a total spray time of ∼ 7 s), followed by a ‘drying’ phase
of 45 seconds to allow the substrate to heat back up to temperature. This spray routine
yielded SP-Z films with a thickness of 67 ± 5 nm derived from UV-visible transmis-
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sion spectroscopy (as outlined in Section 2.5.1.1), a value in good agreement with those
obtained by profilometry (∼ 60 nm).
Figure 3.3 – i) XRD pattern for a Glass–SP-Z film grown at 400 ◦C using a 0.1 M
Zn(ac)2/MeOH precursor solution and a spray routine consisting of 8 coating cycles. ii)
frequency distribution of film thicknesses for SP-Z films sprayed using the same processing
routine. 30 films in total were analysed with a mean film thickness of 67 ± 5 nm.
As the spray routine was carried out by hand it was conceded that there would be a
natural variation in some of the spraying parameters, particularly the spray height and
the spray time. Changes in either of these of these would affect the amount of solution
reaching the substrate, thereby influencing the film thickness. The thickness for 30 SP-Z
films deposited using the same routine was evaluated using UV-vis, the results of which
are displayed in Figure 3.3. The mean film thickness was calculated to be 67 nm, with
variation from 58 to 76 nm (σ = 5 nm).
XRD data obtained for these films (in Figure 3.3) revealed that, like Sol-Z, the ZnO
was orientated in the (002) direction, with Scherrer analysis of this peak from four differ-
ent samples yielding an average crystallite size of ∼ 52 nm (values ranging from 48 nm
to 66 nm). Given the relative thinness of the films, the ZnO peaks in the XRD data
are fairly weak with the (101) orientation producing a very small peak and the (100)
appearing to be absent altogether.
TEM micrographs were acquired for a cross-section of a SP-Z film: although these
were taken a single region from a single film and thus cannot be taken as entirely repre-
sentative the material, the data produced by this technique can be used to complement
the other structural data obtained in this work. The micrographs show that spray py-
rolysis yields dense ZnO films consisting of seemingly large but poorly defined grains
leading to a fairly rough ZnO surface. The SP-Z grain boundaries in the images appear
to be much less well-defined and sharp than those in the Sol-Z films, hindering the ex-
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traction of meaningful grain sizes — approximate measurements yielded grains around
30 to 70 nm, values in the same order as those obtained from XRD data.
A thickness evaluation of the cross-section (by measuring the distance between the
top and bottom ZnO interfaces in a direction normal to the substrate at ∼ 5 nm inter-
vals across the micrographs) yielded an average value of 48 nm, a thickness of 10 nm
lower than the thinnest SP-Z film as measured by UV-vis: whilst this measurement was
only obtained from a single cross-section of an SP-Z film and cannot be considered to
be representative of an entire substrate, it raises the question of the accuracy of the
profilometry and UV-vis measurements which lend greater weight to the maximum film
height values; given the roughness of the SP-Z films, this is likely to be somewhat greater
than an average value of layer height. Compounding this, the discrepancy in roughness
between ITO substrates (used for TEM images, RMS roughness of ∼ 3 nm for ITO)
and the glass substrates used in in profilometry/UV-vis measurements (RMS roughness
< 1 nm) may also play a role in measurement of film thickness.
Figure 3.4 – High-resolution TEM images of an ITO–SP-Z–P3HT film obtained at Left:
200,000 x and Right: 410,000 x magnification, both with a beam energy of 300 kV. The
images present lattice fringes with characteristic d-spacing of specific crystallographic ori-
entations: the green lines indicate single crystallite regions of ITO, and blue for ZnO. The
insets in the Left image show a magnified ZnO crystallite accompanied by 1-dimensional
line profile of the micrograph and the calculation method for the d-spacing; in this case, the
d-spacing corresponds to the (101) plane of ZnO.
Lastly, high-resolution TEM images exhibited lattice fringes in both the ITO and
ZnO regions of the film, allowing for crystallographic analysis of the films; XRD-derived
reference d-spacings used for this listed in Appendix Table A.1 for ITO in Appendix
Table A.2 for ZnO. Both the ITO and ZnO films are highly polycrystalline; in the case
of ZnO, the direction of the lattice fringes suggested that most of the ZnO crystallites are
orientated with the c-axis pointing in the direction normal to the substrate (for example,
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Figure 3.4 shows lattice fringes in a ZnO crystallite originating from the (100) plane of
ZnO; the planes are stacked perpendicular to the substrate, indicating that the c-axis
is also orientated in this direction), consistent with the strong preference for the (002)
orientation seen in the XRD data.
3.2.3 Comparison of ZnO Microstructure
ZnO Type Thickness Thickness XRD Ra RRMS Rmax
[profilometry] [UV-vis] Cryst. Size
(nm) (nm) (nm) (nm) (nm) (nm)
Sol-Z 145 – 55 3.33 4.16 30.7
SP-Z 60 67 52 6.47 8.10 73.1
Table 3.1 – Structural parameters for sol-gel-derived and spray-pyrolysed ZnO thin-films
(Sol-Z and SP-Z respectively). UV-vis thickness measurements were not carried out for the
Sol-Z films as the method requires that the films are densely packed. Roughness parameters
were derived from AFM topography measurements: Ra is the arithmetic roughness, RRMS
the root mean square roughness, and Rmax the maximum recorded Z-value for the film. The
mathematical basis for these quantities are given in Section 2.3.4.
As discussed above, growth of both SP-Z and Sol-Z films yielded crystallographically
similar films on glass (i.e. with similar preferred orientation and Scherrer-derived crys-
tallite size); however, growth on ITO led to a changes in the growth orientation of SP-Z.
The microstructures of ITO–Sol-Z and ITO–SP-Z films are described and contrasted in
this section: TEM and atomic force microscopy (AFM) were used for this purpose. Al-
though differences in microstructure were not readily observed from the AFM data, from
SEM images (shown in Appendix Figure A.1), the topography of the two films appears
to be rather different — whilst the SP-Z grains appear to be fairly contiguous, the Sol-Z
film appears to be much more broken up with small granular islands forming suggesting
some degree of porosity.
Grain size and roughness parameters were obtained from AFM — these are displayed
in Table 3.1 with thickness and XRD-derived crystallite size. The Sol-Z films were found
to be markedly less rough than the SP-Z films, as shown in Table 3.1, the RRMS being
4.16 nm for the former and 8.10 nm for the latter. For SP-Z films, the values for Rmax
(i.e. the maximum Z-height recorded) were comparable to the overall thickness of the
films suggesting that they contain pinholes.
TEM micrographs of these films are shown in Figure 3.5: these images confirm that
the Sol-Z films are not densely packed and possess a fairly complex microstructure. In
comparison, the SP-Z layer deposited by this method consists of a single, continuous
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Figure 3.5 – i) and ii) 2 x 2 µm tapping-mode AFM height scans for SP-Z and Sol-Z films
respectively. iii) TEM micrograph of an ITO–SP-Z–P3HT–Au film: sample preparation
carried out by C. Burgess and image acquired by Dr C. McGilvery; iv) TEM micrograph
for an ITO–Sol-Z–Pt thin-film prepared and imaged by Dr J. B. Gilchrist. Both images
acquired at a magnification of 30,000 x.
layer with comparable grain sizes, although the distribution of grain sizes appears to be
somewhat more varied than the more uniform Sol-Z films.
Despite the roughness of the SP-Z films compared to the Sol-Z, the former were
considered to be more suitable substrates for investigating PZT growth due to their
greater density and less complex microstructure. However, Sol-Z films were later used in
Chapter 5 for hPV device fabrication — PZT had been shown to grow on Sol-Z films in an
earlier study (a TEM micrograph of a Sol-Z–PZT film is shown in Appendix Figure B.1).
3.3 Growth of PZT Thin-Films from Sol-Gel
Thin-films of Pb(Zr0.30Ti0.70)O3 (PZT 30/70) were prepared using the sol-gel method
outlined in Section 2.2.3. ITO-coated glass was initially used as a test substrate for PZT
growth: although growth on glass was originally considered, annealing at temperatures
122
up to 600 ◦C failed to produce crystalline PZT — this has also been reported by Roy et
al. [5]. Subsequently, similar growth conditions were used in ZnO–PZT experiments and
the two compared. As a reference, a powder sample of PZT was synthesised by drying a
small volume of the sol-gel, grinding it using an agate pestle and mortar, and heating it
in an alumina crucible at 560 ◦C for 1 hour. The XRD pattern obtained for this sample
(shown in Figure 3.6) was used as a guide in this work. These experiments aimed to
produce crystalline PZT in the tetragonal phase whilst restricting the thermal energy
input.
Figure 3.6 – X-ray powder diffraction pattern obtained for a sample of PZT 30/70 heated
for 1 hour at 560 ◦C compared against a calculated reference pattern from [12]. The XRD
pattern calculation was carried out using the Inorganic Crystal Structure Database (ICSD,
FIZ Karlsruhe), simulated with Cu Kα1 radiation and a step-size of 0.033
◦. Peak positions
and corresponding d-spacings for the PZT powder made in this work are given in Appendix
Table A.3.
The focus on using relatively low temperatures stems from a number of factors:
firstly, low-temperature processing is desired in hPV fabrication (although the temper-
atures used in this work are admittedly higher than those considered to be ideal [13]);
secondly, it was considered that prolonged heating at elevated temperatures could drive
ion inter-diffusion at the oxide–oxide interfaces [14]; thirdly, the experiments in Chap-
ter 4 focus on reducing the thickness of the PZT layer — lower temperatures were seen as
important to prevent nanoisland formation in these films, as discussed in Sections 1.5.3.1
& 2.2.3.1. In this chapter, all PZT films were grown from sol-gel with a concentration of
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0.4 M (with respect to the Ti/Zr content): the thickness of this layer was evaluated by
profilometry of Si–PZT films, yielding a thickness value of 105 nm when processed under
the same conditions. Although these films are much thicker than those used for interlay-
ers (< 20 nm), films of this thickness were grown for ease of structural characterisation
by conventional XRD techniques.
3.3.1 Growth of PZT on ITO
The experiments outlined in this section investigated the effect of annealing conditions
(heating rate, temperature and time) on the crystallisation of PZT on ITO; all films were
deposited using the same spin-coating conditions (3000 rpm for 40 s followed by drying
at 200 ◦C for 45 seconds). Firstly, the annealing temperature was fixed at 500 ◦C and
the heating rate changed between 1 ◦C min−1 and no ramp in which the samples were
loaded into a preheated oven (henceforth abbreviated to PrH); the samples were annealed
for 30 minutes and allowed to cool down to room temperature inside the furnace. The
resulting XRD data were screened for changes in preferred crystallographic orientation
and for the intermediate pyrochlore phase which typically yields very broad peaks in the
range 29 – 30.5◦ [15] — although this peak is partially obscured by an ITO peak, it was
still possible to identify this phase in the data.
Little difference in crystal structure was observed in films heated at 5, 10, 15 ◦C min−1,
and PrH; however, there was a marked change in preferred orientation of the PZT film
when heated at 1 ◦C min−1. In the former cases, a random orientation was observed,
whereas films heated at 1 ◦C min−1 were highly orientated in the (100) direction as
shown in Figure 3.7. Given the minimal differences between films annealed at 5, 10,
15 ◦C min−1, and PrH, subsequent experiments investigated films annealed at PrH and
1 ◦C min−1 only.
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Figure 3.7 – Overlayed XRD patterns for ITO–PZT 30/70 (0.4 M sol-gel) thin-films an-
nealed for 30 minutes at different temperatures with i) a ramp rate of 1 ◦C min−1, and ii) no
ramp (PrH). Inset in both sets of data is a small-angle region coinciding with the (001)/(100)
and (101)/(110) peaks. The intensity of the (200) PZT peak is greater than expected as it
is co-incident with a substrate peak. The displayed data in this figure has been corrected
for background contributions using a Sonneveld–Visser algorithm [16] for clarity.
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Next, the effect of varying the temperature from 500 – 560 ◦C was investigated: the
XRD data from this is displayed in Figure 3.7. For all films, the annealing time was held
constant at 30 minutes. For films heated at 1 ◦C min−1, little change was observed in
the XRD data: at all temperatures, the films exhibited a strong preference for the (100)
orientation. Increasing the temperature to 560 ◦C led to a reduction in the pyrochlore
signal, suggesting more extensive conversion of the intermediate to perovskite.
For the PrH annealed films, a random orientation was observed with greatest intensity
in the (101) peak. Increasing temperature from 500 to 530 ◦C greatly increased the
intensity of the XRD peaks, suggesting more complete crystallisation of PZT in the
perovskite phase, whilst the XRD patterns between 530 and 560 ◦C films are relatively
similar; comparing the angular region containing pyrochlore signal between the two films,
it appears that increasing the temperature to 560 ◦C increases the degree of conversion
from the intermediate to perovskite.
Figure 3.8 – Overlayed XRD patterns for ITO–PZT 30/70 (from 0.4 M sol-gel) thin-films
annealed at 560 ◦C for different lengths of time with no temperature ramp. Figure shows
two small-angle regions containing the (001)/(100) and (101)/(110) peaks respectively.
Lastly, films were annealed for different times at 500 ◦C and 560 ◦C (PrH). For the
set at 500 ◦C, the films were annealed for times up to 1 hour: for heating times up to 30
minutes, the ITO peaks dominate the XRD patterns with observed PZT peaks being very
weak — additionally, the data (shown in Appendix Figure A.3) show that the majority of
the material still exists in the pyrochlore phase; however, at 40 minutes, the PZT peaks
become much more intense with further increases in intensity observed at 60 minutes,
along with concomitant reductions in pyrochlore signal. The XRD data for the 560 ◦C
set are shown in Figure 3.8: little change was observed when increasing annealing time
from 10 to 30 minutes suggesting that substantial conversion of pyrochlore to PZT occurs
rapidly at this temperature, although more advanced crystallographic analysis techniques
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such as grazing incidence XRD would be required to verify that full conversion had taken
place.
3.3.2 PZT Growth on Spray-Pyrolysed ZnO
Investigation into the growth of PZT on SP-Z was carried out in a similar fashion to
the ITO–PZT experiments detailed above: SP-Z films were deposited on glass followed
by deposition of the PZT films from a 0.4 M sol-gel and subsequent annealing; as with
the prior experiments, changes in temperature, heating rate, and time were made to the
annealing regime and the effects probed using XRD. As the results from Section 3.3.1
showed, the ramp rate had a strong influence in determining the crystallographic ori-
entation of PZT on ITO — slower ramping favouring a highly (100) orientated film,
whilst more rapid annealing favoured a random orientation. As such, a similar experi-
ment was carried out for SP-Z–PZT films, comparing films annealed with no ramp and
at 1 ◦C min−1.
Figure 3.9 – Offset XRD patterns for SPZ–PZT (0.4 M) thin-films annealed for 30 minutes
at different temperatures (no temperature ramp). Inset: a small-angle region showing the
(110) peak (this regon would also contain the (101) peak.
In both cases, the films were annealed at 530 ◦C for 30 minutes: the data for these
films is shown in Appendix Figure A.4. Surprisingly, the two XRD patterns for these
films are almost identical with the (110) orientation producing the most intense peaks
— as the peaks are quite broad (suggesting that the PZT crystallites are quite small),
the tetragonal splitting cannot be resolved with this technique1. Whilst in the randomly
1Whilst this may give the PZT pattern the appearance of being a cubic structure, this highly unlikely
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orientated PZT powder and ITO–PZT films the (101) is more intense than the (110), in
the ZnO–PZT case this is reversed.
Following on from this, ZnO–PZT films were grown at different temperatures — 500,
530, and 560 ◦C — using a preheated furnace and annealing films for 30 minutes: the
XRD data for this set is shown in Figure 3.9. A general increase in crystallinity was
observed with increasing temperature, although there seemed to be no differences in the
ratios between the different crystallographic orientations with changing temperature.
However, at 500 ◦C there is a noticeable contribution from the pyrochlore phase which
is observe to diminish at higher temperatures, indicating a more complete conversion of
precursor material.
Figure 3.10 – Small-angle regions for XRD patterns of SP-Z–PZT thin-films annealed at
560 ◦C for different times (no temperature ramp). The first region focusses on the region
containing (001)/(100) peaks, and the second contains the (101)/(110) peaks.
Lastly, after fixing the annealing temperature at 560 ◦C, the effect of annealing time
was investigated — these results are presented in Figure 3.10. These data suggest that
prolonged annealing does not have a great impact on the crystallographic characteristics
of these films. No trace of the intermediate pyrochlore phase was observed in the XRD
patterns, suggesting that most or all of the intermediate has been converted to crystalline
PZT.
In Table 3.2, peak parameters derived from XRD patterns of PZT powder, ITO–
PZT, and SP-Z–PZT samples are compared (all samples annealed at 560 ◦C with no
temperature ramp; the powder reference sample was annealed for 1 hour, whereas the
thin-films were annealed for 30 minutes).
given that cubic polymorphs of PZT have only been observed at high temperature. Similar XRD patterns
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Peak (h k l)
PZT Powder ITO–PZT ITO–PZT ZnO–PZT
1 ◦C min−1 PrH PrH
2θ
RPI
2θ
RPI
2θ
RPI
2θ
RPI
% % % %
1 (0 0 1) 21.38◦ 8 – 0 – 0 – 0
2 (1 0 0) 22.30◦ 20 22.44◦ 100 22.43◦ 65 22.43◦ 45
3 (1 0 1) 31.12◦ 100 31.34◦ 38 31.32◦ 100 – –
4 (1 1 0) 31.74◦ 50 31.89◦ 14 31.93◦ 34 31.78◦ 100
5 (1 1 1) 38.61◦ 30 38.87◦ 5 38.85◦ 20 39.16◦ 16
6 (0 0 2) 43.54◦ 7 44.05◦ 4 – 0 – 0
7 (2 0 0) 45.53◦ 27 45.68◦ 42∗ 45.63◦ 34∗ 45.55 14
8 (1 0 2) 49.44◦ 6 – 0 – 0 – 0
9 (2 0 1) 50.93◦ 6 – 0 – 0 51.24◦ 6
10 (1 1 2) 54.96◦ 12 – 0 – 0 – 0
11 (2 1 1) 56.18◦ 30 56.39◦ 6 56.35◦ 24 56.52◦ 14
Table 3.2 – Comparison of XRD peak data between the PZT powder reference pattern
and ITO–PZT and SP-Z–PZT (grown from 0.4 M sol-gel) thin-films annealed at 560 ◦C
(no ramp) for 30 minutes. Asterisks (*) for the ITO–PZT sample indicate that the (200)
peak coincides with an ITO peak and therefore its intensity cannot be ascribed solely to
contributions from PZT. Although the between the ZnO (100) and the PZT (110) peaks
occur at the same position (31.9◦), the ZnO peak is discounted as insignificant given that it
is barely detectable in the SP-Z reference scans. The (101) peak in the ZnO–PZT films does
appear to be present, but cannot be accurately resolved due to the broadening of the (110),
hence its peak parameters are not displayed here.
Crystallite sizes for the PZT peaks in ITO–PZT and ZnO–PZT films were derived
using the Scherrer equation. In the case of ITO–PZT films, the crystallite sizes were
similar for films annealed at 1 ◦C min−1 and with PrH: the (100) peak in both cases
was extremely sharp and the derived crystallite size was much larger than the limit
of the Scherrer equation (this is usually considered to be the case for crystallite sizes
above ∼ 100 nm [18] due to the decrease in peak broadening contributions from the
increasing crystallite size), whereas the (101) and (111) orientations exhibited broader
peaks corresponding to relatively fine crystallite sizes of 55 – 70 nm. The ZnO–PZT
films contained much smaller grains in all measurable orientations — (100), (110), and
(111) — yielding crystallite sizes between 27 – 30 nm. This is discussed in more detail
below in Section 3.4.
corresponding to tetragonal PZT have been reported in the literature [17].
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3.3.3 Summary
PZT was successfully grown on ITO and ZnO substrates. For ITO–PZT films, annealing
with fast heating rates yielded a randomly ordered film, whereas heating at 1 ◦C min−1
led to a preferential orientation in the (100) direction. For ZnO–PZT films, no such de-
pendence on annealing conditions was observed with films annealed under all conditions
yielding films with a preference for the (110) orientation, with a Scherrer equation-derived
crystallite size of 27 – 30 nm. Further experiments into ZnO–PZT films were carried out
using films annealed at 560 ◦C in a preheated furnace (no temperature ramp) based on
the absence of detectable pyrochlore contributions in these films and the increased XRD
peak intensity observed for these films.
3.4 Microstructure and Composition of ZnO–PZT Films
Sol-gel growth of PZT has been well-documented on a number of substrates: for example,
PZT has been observed to form large (> 1 µm), single-crystalline rosette structures on
ITO [19] whilst growth on platinised Si/SiO2 tends to yield either rosette or columnar-
type morphologies depending on the precursor pyrolysis and annealing conditions [20].
Film evolution has been described as a nucleation-controlled process relying on the for-
mation of interfacial species (e.g. intermetallic Pt–Pb phases in the case of platinised
substrates [21], or formation of layers of PbO on ITO which acts as a seed for the growth
of (100)-orientated PZT crystallites) [5]. In the case of low seeding densities, film forma-
tion generally proceeds through rosette growth: after formation of a PZT seed, growth is
controlled by availability of PbO at the pyrochlore/PZT interface; due to the low seed-
ing densities, rosettes tend to be large, typically between 1 – 10 µm depending on the
growth conditions used. At higher seeding densities, fine-grained (submicron) columnar
structures are favoured. However, few reports exist detailing the growth of PZT on ZnO
and the work in this section aims to shed light on the process using microstructural and
compositional characterisation techniques.
3.4.1 Topography
Microstructural characterisation and compositional analysis of ZnO–PZT films was un-
dertaken to shed light on the nature of the growth process — in this investigation, the
films were annealed at 560 ◦C (PrH) for 20 minutes. Firstly, tapping mode AFM was
used to characterise the sample topography; scans for both ITO–PZT and SP-Z–PZT
films are displayed in Figure 3.11. From the large-area (15 x 15 µm) scans, it is clear
that the microstructure of ZnO–PZT and ITO–PZT films are very different: the whilst
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Figure 3.11 – Tapping mode AFM images comparing the topography of ITO–PZT (top row)
and ZnO–PZT (bottom row) films. i) 2 x 2 µm height scans (ITO–PZT scan from granular
region); ii) 15 x 15 µm height scans; iii) 15 x 15 µm phase scans. The corresponding phase
scans acquired with i) are included in Appendix Figure A.5.
the ITO–PZT films clearly consist of large rosettes of ∼ 2 – 3 µm in diameter surrounded
by small, tightly packed grains, the ZnO–PZT structure appears to be quite uniform and
does not appear to contain such large features as observed for ITO–PZT. It is unclear
whether the ITO–PZT film is a mixed microstructure film of fully converted PZT (i.e.
both the rosette and granular regions of the film consist of crystallised PZT) or a par-
tially annealed film (due to erroneous underheating of the film): under these conditions,
it would be expected that the film would have undergone full conversion to PZT [5, 22]
and the XRD results showed no clear evidence for the presence of large quantities of
pyrochlore.
The ZnO–PZT film consists of small, tightly packed grains: as a result, this leads to
substantial peak broadening in the XRD data for these films. The application of PZT to
the ZnO layer causes a significant decrease in RRMS from 8.10 nm to 2.35 nm: a more
detailed treatment of these films’ topography is given in Section 4.4.1. Fine-grained
sol-gel-derived PZT structures have been observed in the case of buffer-layer modified
substrates, such as Ti-modified Pt [23] and TiO2-modified ITO [24]: the perovskite
seeding density is much greater on the Ti-containing layer than for the bare substrate,
leading to a much more granular structure. From these results it may be posited that
ZnO plays a similar role in promoting granular PZT growth, with the small grain size
indicative of a high seeding density by ZnO.
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3.4.2 Cross-Sectional Composition and Imaging
In the the literature, the choice of Ti and TiO2 as seeding layers is seen as advantageous
given that PZT contains Ti: incorporation of Ti from the buffer layer into the PZT
structure may cause local variations in Zr:Ti ratio but if an appropriate PZT composi-
tion is chosen the material should still crystallise with the same crystal structure (i.e.
if the composition lies in the middle of a crystallographic tolerance range). However, it
is possible for Zn to be incorporated into the PZT structure [25, 26] which may affect
its electrical and polarisation characteristics. Given the acidity of the PZT sol-gel (pH
∼ 3.4), some dissolution of ZnO may occur during the spin-coating process [27] which
may cause a greater distribution of Zn within the PZT structure than would be expected
from simple thermally activated diffusion. To test the effect of acid treatment on ZnO, a
solution of acetic acid in MeOH with the same pH as the PZT sol-gel (3.4) was applied to
SP-Z films using an identical process to PZT deposition. The resulting XRD and AFM
showed little change in the crystallinity or the microstructure of the films suggesting
that this did not incur significant changes in the ZnO structure Appendix Figure A.6.
However, even a small degree of surface etching will lead to incorporation of Zn ions into
solution, potentially leading to PZT doping.
To investigate this, ToF-SIMS and TEM were used to probe the cross-sectional com-
position and microstructure of the ZnO–PZT films: ToF-SIMS provides information on
elemental composition as a function of sample depth and can indicate the extent to which
Zn infiltrates the PZT layer, as well as any mixing of Pb, Ti, or Zr into ZnO; through
TEM, the ZnO–PZT was imaged to determine the microstructure of the PZT layer and
to identify regions which may contain secondary phases.
3.4.2.1 Time-of-Flight Secondary Ion Mass Spectrometry
ToF-SIMS data plots for ZnO and ZnO–PZT films on SiO2/Si substrates are presented
in Figure 3.12: as well as the elemental profiles shown here, profiles derived from isotopic
variations of each species were also analysed. To assign material regions it was assumed
that, for a sharp junction between two materials, the interface between them occurs at
the point where the signal for each material drops to a value of 50 % of that of the
bulk. This is illustrated in the Si/ZnO plot which yields a ZnO thickness of 61 nm,
a value in good agreement with the profilometry and UV-vis measurements for ZnO
given in Section 3.2. The ZnO–PZT film may be divided up into four distinct parts
corresponding to bulk ZnO, the ZnO/PZT interface, bulk PZT, and a region of around
4 nm at the PZT surface. The total thickness of the PZT layer was shown to be around
107 nm, whereas the ZnO region is noticeably smaller than that obtained from ToF-SIMS
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analysis of a Si/ZnO, as well as the profilometry and UV-vis measurements conducted
earlier in this chapter. Whilst this may be partially attributed to the roughness of the
ZnO layer (RRMS = 8.10 nm for ITO–SPZ films), the micrographs in Figure 3.13 suggest
that PZT modification does affect the microstructure of ZnO.
The interfacial region between the two materials is of particular interest: due to the
acidic PZT processing conditions and the temperatures used, it was hypothesised that
intermixing between the the constituent elements of PZT and ZnO may take place, with
formation of secondary phases being a possible outcome. In the interfacial region, the
elemental signal decay rates for PZT are not as high as would be expected for a sharp,
flat interface (as for the Si/ZnO interface); however, this is likely to be a reflection of the
interfacial roughness, as shown in the TEM data in the following section (Figure 3.13).
Elemental intermixing in ToF-SIMS data is often accompanied by a ‘diffusion tail’, i.e.
non linear decay in the elemental signal [28]; this is not present in any of the elemental
signals here. Additionally, as Zn-doped PZT has previously been synthesised, there was
a possibility that Zn could diffuse into the PZT bulk; however, the data for Zn (including
its isotopes) showed no trace of diffusion tails.
Figure 3.12 – ToF-SIMS depth profile for a Si/SiO2/SP-Z/PZT film (560
◦C, no ramp, 30
minutes). Inset is a plot for an Si/SiO2/SP-Z film. All elemental signals except for Si are
derived from the CsM+ ion, where M = Zn, Zr, Ti, Pb. Depth was calibrated by profilometry
of the crater created during the milling process: the crater was found to be ∼ 129 nm deep.
Data acquired by Dr S. Fearn.
Whilst the elemental ratios between Pb, Zr, and Ti remain fairly constant in the bulk
region of PZT, the top 20 nm of the film show a number of interesting features:
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i) The elemental profiles for Pb, Zr, and Ti remain flat in the bulk. Each of the Pb,
Zr, and Ti signals (including isotopic species) were observed to increase at a depth
of around 35 nm with Zr and Ti signals reaching maxima at ∼ 15 nm deep: for Zr,
this increase in signal corresponds to ∼ 80 % compared to a ∼ 55 % rise in Ti (these
were derived from multiple isotopic profiles), suggesting a slight shift in composition
in this region. The origin of this signal increase is uncertain, perhaps indicating an
increase in material density.
ii) All isotopic species for Zr and Ti exhibit a sharp decline in signal intensity near the
top of the film, starting at a depth of around 4 nm.
iii) The Pb signals increase at a depth of around 35 nm, as for Zr and Ti; however,
rather than declining at the top of the film the signal increases throughout the
surface region. Consequently, the data suggest that the PZT surface is Pb rich
relative to Zr and Ti. Given that Pb evaporates from the surface during annealing
of the PZT films due to its volatility, a population of excess Pb at the surface is not
unexpected.
iv) The signals for Zn and its isotopes show that the element is excluded from the PZT
bulk and does not diffuse into this region. However, these signals are observed to
rise in the surface region, starting at a depth of ∼ 15 nm, reaching the 50 % value
at a depth of 3 nm. Whilst this may be interpreted as evidence of discontinuities
in the PZT layer, in such a case the Zn signal would not decay to zero. As such,
it may be inferred that some Zn is subsumed from the ZnO layer during processing
and preferentially segregates to the film surface during processing. Consequently,
the surface region (top 3 nm) of the PZT film is predominantly populated by Pb
and Zn, rather than by pure PZT.
The imaging data in the following section is used to complement these results, particu-
larly in determining the structure of the interface between ZnO and PZT.
3.4.2.2 Transmission Electron Microscopy
Transmission electron micrographs comparing cross-sections of unmodified and PZT-
modified SP-Z films are given in Figure 3.13: as stated previously, the micrographs were
acquired from a single cross-section of a ZnO film and therefore cannot be assumed to
be representative of a film; however, these data can be used to complement the other
structural characterisation methods. From a visual comparison, it is clear that the PZT
modification affects the thickness of the ZnO layer — this was also suggested in the
ToF-SIMS data shown in Figure 3.12. Thickness measurements obtained from multiple
134
Figure 3.13 – Transmission electron micrographs acquired for i) unmodified and ii) 0.4 M
PZT sol-gel modified thin-films with the structure ITO–SP-Z–(PZT)–P3HT–Au; the P3HT
layer was used to provide clearer images of the surface of the oxide film. Micrographs were
acquired at a magnification of 36,000 x with a beam energy of 300 kV. Imaging was carried
out by Dr C. McGilvery; sample preparation was performed by C. Burgess and Dr J. B.
Gilchrist.
micrographs yielded an average ZnO thickness of 34 nm compared to an unmodified
SP-Z thickness of 48 nm (measured in Section 3.2.2). The thickness of the PZT region
was measured by the same method, yielding a value of 136 nm — this value is greater
than the measured thickness of PZT films on glass derived using profilometry (105 nm)
and in the ToF-SIMS data (107 nm) although as the TEM cross-section is taken from
a small region of the film (approximately 500 nm in length), this is not necessarily
representative of the entire structure. In contrast, the ToF–SIMS data was derived from
an area with dimensions on the order of 10−4 m. The PZT layer itself is dense and highly
polycrystalline — this is consistent with the AFM data in Section 3.4.1 which showed
the PZT consisting of small, tightly packed grains.
High resolution TEM was employed to investigate the interface between ZnO and PZT
to assess the effect of PZT modification on the ZnO and to ascertain if any secondary
phases were present in the region. In Figure 3.14, the high resolution micrographs show
the ZnO region before and after PZT modification: it appears that, whilst the PZT
modification does dissolve some of the ZnO from the top of the film, the bulk ZnO
region bears close resemblance to that of the unmodified reference.
Micrographs of the PZT layer and the ZnO–PZT interface are shown in Figure 3.15.
The PZT region is highly polycrystalline with most continuous regions of lattice fringes
being between 5 and 20 nm in length: these crystallite orientations were assigned us-
ing XRD-derived d-spacings displayed in Appendix Table A.2 for ZnO and Appendix
Table A.3 for PZT.
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Figure 3.14 – High resolution transmission electron micrographs showing the effect of PZT
modification on the ZnO layer: unmodified SP-Z (shown with its P3HT capping layer) is
displayed on the left; the layer on the right was modified with 0.4 M PZT sol-gel. Crystallites
assigned from their characteristic d-spacings are presented in green for ITO and blue for ZnO.
Images were acquired at a magnification of 255,000 x and a beam energy of 300 kV. Imaging
was carried out by Dr C. McGilvery; sample preparation was performed by C. Burgess and
Dr J. B. Gilchrist.
Whilst it was speculated that an amorphous layer of material may form at the
ZnO–PZT interface, the high-resolution TEM data shows that the structure possesses
a crystalline–crystalline interface, as evidenced by the ubiquitousness of lattice fringes.
From measurement of the d-spacing of the lattice fringes close to the interface (as shown
in Figure 3.15), it appears that a secondary phase forms in this region: crystallites with
lattice spacings of ∼ 0.296 nm and ∼ 0.303 nm do not correspond to either ZnO or PZT.
Whilst the composition of this phase could not be ascertained in this experiment, one
possible candidate is PbO, especially given the excess of lead in the PZT sol-gel as well as
its role in converting the pyrochlore intermediate to crystalline PZT [5]. Formation of a
PbO layer has been thought to nucleate (100) crystallites of PZT [29, 30] on a variety of
substrates, thought to proceed through the tetragonal PbO (001) plane (d = 0.499 nm).
There are two main forms of PbO, litharge (tetragonal, P4/nmm) and massicot
(orthorhombic, Pbcm), the former being a low temperature polymorph and transition
from tetragonal to orthorhombic occurring at ∼ 580 ◦C [31]. Using standard XRD
reference data (JCPDS 01-085-711 for litharge, JCPDS 01-077-1971 for massicot) it
appears that the latter would be the more likely candidate as it possesses d-spacings
of 0.307 nm (111) and 0.295 nm (002), where the (111) orientation is dominant in
the powder form. Further supporting this, it has been observed that the presence of
a variety of different elements such as Si, Ge, Se, and Mo in low concentrations (10 –
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Figure 3.15 – High resolution transmission electron micrographs of Left: the bulk region
of the PZT (magnification 100,000 x); Right:: the interfacial region between ZnO and PZT
with lattice fringe d-spacings assigned for ZnO (blue), PZT (orange), and the secondary
phase (yellow, discussed in the text). Images were acquired with a beam energy of 300 kV.
Imaging was carried out by Dr C. McGilvery; sample preparation was performed by Dr J.
B. Gilchrist.
100 ppm) stabilise the orthorhombic form of PbO [32] — whilst Zn was not tested in this
experiment, it is conceivable that it could also play a similar role in the stabilisation of
the orthorhombic phase. It was not determined the extent to which Zn was incorporated
into this phase: it has been established that ZnO is sparingly soluble (< 5 %mol) in
PbO [33]; Keester et al. succeeded in producing Pb1−xZnxO in which the Zn content
was calculated to be extremely low (< 2 %mol), although high oxygen pressures were
required in this process. The inhibition of tetragonal PbO formation would then appear
to suppress the formation of a preferentially (100)-textured PZT film as the resulting
ZnO–PZT structures are preferentially orientated in the (110) direction.
Further local compositional analysis such as energy-dispersive X-ray spectroscopy
(EDX) may be employed to confirm the presence of PbO in these films. Imaging of the
intermediate stages of film evolution would also be useful to understand whether the
formation of the secondary phase is key in seeding growth of the PZT film — the XRD
data suggest that PZT crystallises rapidly on ZnO (cf. ITO) and the formation of PbO
on ZnO may play a key role in the growth process; additionally, if the phase is indeed
PbO, investigation of prolonged annealing may show whether this phase diminishes with
greater thermal energy input. Additionally, the presence of these phases may have an
impact on the functional properties of the ZnO–PZT structure and may serve to counter
polarisation in the material.
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3.4.3 Summary
ZnO provides a high seeding density surface for the nucleation of PZT; as a result,
the ZnO–PZT thin-films produced in this work consist of small, densely packed grains
around 20 nm in diameter; this is in contrast to ITO–PZT thin-films in which growth
proceeds via above-micron rosette formation. From cross-sectional imaging of these films,
the PZT modification leads to microstructural changes in the ZnO layer, as well as a
reduction of around 15 nm in its thickness: the data show that whilst the bulk region
of PZT remains uncontaminated with Zn, there is a significant increase in the Zn signal
at the top of the PZT film (a region of ∼ 3 nm), suggesting segregation of Zn etched
by the sol-gel to the top of the film. The surface also appears to be lead-rich, given an
increase in the Pb signals in this surface region. The absence of diffusion tails in the
ToF-SIMS signals for Pb, Ti, Zr, and Zn at the ZnO–PZT interface suggest that there
is no significant elemental mixing between the two materials, and that the slow decay in
signal at this interface arises simply from the roughness of the interface. From analysis
of high resolution TEM data, it appears that the ZnO–PZT interface is crystalline, with
the d-spacing of crystallites in the PZT region suggesting the presence of a secondary
phase. Whilst the composition of this phase was not analysed, one potential candidate is
orthorhombic PbO (massicot) which has been shown to stabilise in the presence of trace
metal impurities.
3.5 Conclusions
Growth of PZT on ZnO was found to yield dense, randomly orientated, highly poly-
crystalline thin-films with small grain sizes (∼ 20 nm) at temperatures in the range
500 – 560 ◦C; films in subsequent experiments would be annealed at 560 ◦C based on
the XRD data presented in this chapter. The growth of PZT on ZnO was found to
differ substantially from growth on ITO which tends to favour large (> 1 µm) rosette
formation; the small grain size present in these films relates to a much greater seeding
density offered by ZnO compared to ITO.
Compositional and microstructural analysis was carried out on the ZnO–PZT films
using ToF-SIMS and TEM respectively: whilst growth of PZT on ZnO from sol-gel has
previously been reported, no study of this interface has previously been published. From
the compositional data, it was ascertained that Zn does not diffuse into the PZT bulk;
however, it was observed that some Zn is subsumed from the ZnO substrate and segre-
gates to the material surface (in a region of approximately 3 nm in depth). Moreover,
modification with PZT was seen to reduce the thickness of the ZnO layer in both com-
positional and TEM data. From high-resolution TEM micrographs, it was determined
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that a secondary phase may occur at the ZnO–PZT interface: although a full analysis of
this region was not carried out, orthorhombic PbO (Massicot) is viewed as a likely can-
didate. Further study is needed to determine whether PbO plays a role in ‘seeding’ PZT
on ZnO, as has previously been observed in the case of PZT growth on ITO. As there is
interest in developing ZnO–PZT structures due to the polarisation coupling between the
two materials [4, 34], the presence of a secondary phase should be taken into account in
device development as its presence may have an impact on both the material’s functional
and contact properties.
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Chapter 4
Towards PZT Interlayers
4.1 Introduction
The work reported in Chapter 3 focussed on the growth of PZT thin-films ∼ 105 nm in
thickness in order to understand growth processes and to facilitate characterisation of
the material. However, interface modifiers in oxide:polymer hybrid photovoltaic (hPV)
devices are usually rather thinner: molecular modification of the oxide surface is usually
effected through the formation of self-assembled monolayers, whilst inorganic interlayers
are generally found to be grown at thicknesses of less than 25 nm. This is especially
important for PZT given the high resistivity of the material compared to other inorganic
interface modifiers such as TiO2 and CdS. Recently, there has been great interest in
the growth of nanoscale ferroelectric structures such as ultrathin films and nanostruc-
tures [1, 2] and research into effects of reduced size on ferroelectric properties: whilst
it had previously been thought that ferroelectric effects would diminish substantially at
length scales below ∼ 20 nm, more recent studies have shown that they may persist in
films as thin as (∼ 1 nm) [3].
The aim of the work reported in this chapter is to grow continuous thin-films of PZT
30/70 on ZnO with thicknesses of < 25 nm, such that they may be incorporated into
hPV devices. It has been observed that perovskite films grown at small length scales
may reorganise on the substrate to form non-continuous structures such as islands which
are undesirable in the context of this work [4, 5]. Evaluation of these thin-films was car-
ried out by topographical characterisation and subsequent microstructural analysis using
atomic force microscopy (AFM). The surface and bulk composition were characterised
through X-ray photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass
spectroscopy (ToF-SIMS). Although it was not possible to characterise the ferroelectric
properties of these films in this work, details of how this may be carried out is outlined
in Chapter 6, namely through the use of piezo-force microscopy (PFM).
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4.2 Growth of PZT
Reduction of PZT thickness was achieved by changing the concentration of the precursor
sol-gel and using the same processing conditions outlined in Chapter 3. To dilute the
sol-gel, a solution of acetic acid in methanol with approximately the same pH as the
stock sol-gel (pH 3.4) was used. The stock sol-gel (0.4 M Zr + Ti) was found to produce
a thin-film of approximately 105 nm on quartz, as measured by profilometry. The dilu-
tion levels of this stock solution were subsequently selected based on the assumption of
a linear relationship between concentration and thickness.
Figure 4.1 – Left: Tapping mode AFM topography image for a scratched film derived from
a 0.025 M PZT sol-gel deposited on Si/SiO2: the thickness was evaluated by measuring the
step height between the material and the exposed substrate. Right: table of thicknesses
acquired for different PZT sol-gel concentrations.
Physical evaluation of PZT thickness was carried out by depositing the PZT sol-gel on
very low roughness Si/SiO2 substrates: although these thickness values are not directly
transferrable to ZnO (due to roughness, differences in wetting etc.), they do provide a
measure as to the amount of material deposited for different sol-gel concentrations using
these conditions. However, PZT thin-films in this work are identified by the concentration
of the sol-gel they are derived from as opposed to the thickness values measured here.
After spin-coating at 3000 rpm and drying the films at 200 ◦C, the film was scratched in
different locations using a scalpel then annealed at 560 ◦C for 30 minutes (no temperature
ramp). Scratching the films before annealing was done as crystalline PZT is a hard
material [6] and difficult to etch due to the high chemical resistance of the Zr–O bonds [7].
Although only a small proportion of the PZT will crystallise on Si/SiO2 under these
conditions, annealing these films was found to increase substantially the hardness of
these films, thus film scratching was carried out before annealing when the film was in a
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softer state. The height step in the film was then measured using tapping mode AFM:
despite its limited scan range, AFM is much more sensitive to changes in height than
profilometry. Measurements for films derived from 0.4 M PZT sol-gel yielded similar
results by profilometry (105 ± 7 nm), but scans for thinner films exhibited poor signal-
to-noise ratios. The topography images were levelled and corrected using Gwyddion [8],
and the results are displayed in Figure 4.1.
As the 0.001 M sol-gel is a ‘wash’ modifier — i.e. not expected to form a continuous
thin-film, rather just modifying the ZnO surface chemistry — its thickness could not
be evaluated using this method. The film thicknesses are in good agreement with the
predicted thicknesses (save for a thinner-than-expected 0.1 M film) and are of appropriate
length scales for their intended application in hPVs.
4.2.1 XRD
Figure 4.2 – Offset XRD patterns for SP-Z–PZT thin-films derived from PZT sol-gels of
different concentration. All films were annealed under the same conditions: 560 ◦C in a
preheated furnace, 20 mins.
As shown in Figure 4.2, PZT peaks were found to be present for diluted sol-gels
down to 0.05 M (∼ 11 nm): at this point, only the (110) peak is visible. At more dilute
concentrations, the resulting PZT layers were too thin for detection using the XRD
apparatus. In contrast, films derived from diluted sol-gels were not observed to crystallise
on ITO. It is likely that this is related to the differing perovskite seeding densities of ITO
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and ZnO, as discussed in Section 3.4: in the case of ITO–PZT, the low seeding density
combined with the reduced volume of precursor material (and, importantly, the local
concentration of PbO [9]) inhibits rosette growth; however, in the case of ZnO–PZT, the
high seeding density leads to fast crystallisation of PZT, even with the reduced material
volume.
4.3 Composition
4.3.1 X-Ray Photoelectron Spectroscopy
XPS was used to probe both the surface composition of ZnO–PZT films and their surface
chemistry through analysis of the O 1s core lines. In contrast to ToF–SIMS, the XPS
was used to probe the material surface: although the incident X-rays may penetrate deep
into the sample, only electrons originating from the first few nanometres of the surface
will be able to escape, the others being subject to collisions with other atoms [10]. In
this work, Al Kα radiation was used (1486.6 eV) to analyse the samples with a probe size
of around 3 µm in diameter. The atomic percentages are calculated from fitting of the
characteristic core lines in the XPS spectrum and determining the peak area, followed
by correction for the specific elements using known atomic sensitivity factors. Data were
collected for each ZnO–PZT film from two samples.
Figure 4.3 – i) Relative atomic percentage plots for the core lines of Pb, Ti, Zr, Zn, and O
with changing PZT sol-gel concentration. ii) The relative ratios of Pb 4s, Ti 2p, and Zr 3d
normalised to Ti + Zr = 1. Data acquired by Dr E. Ratcliff.
Relative atomic percentages of Zn, Pb, Ti, Zr, and O are shown in Figure 4.3, as well
as the ratios between Pb, Ti, and Zr normalised such that Ti + Zr = 1. In the ideal
case, it would be expected that the Pb:(Ti+Zr) ratio would be 1:1 and that the Zn signal
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would decrease with increasing PZT sol-gel concentration as the PZT layer increases in
thickness. However, the Pb:Ti:Zr ratios deviate from this expected behaviour — firstly,
the actual ratio of the Zr:Ti ions varies from the expected Zr0.3Ti0.7. Whilst most of the
films range from Zr = 0.19 to 0.36 (thus well within the tetragonal region of PZT phase
behaviour), at 0.05 M the ratio is 0.47:0.53 which lies very close to the morphotropic
phase boundary of PZT. As reported in [11], a depth-profile Auger electron spectroscopy
(AES) study of sol-gel-derived PZT thin-films revealed that there are fluctuations in
composition throughout the bulk, particularly at grain boundaries where Pb and Zr
concentration tend to rise with decreases in Ti. However, given the relatively large spot
size used in XPS (i.e. much larger than the grain size of the film), the results presented
do not arise from grain boundary effects. This composition was observed in two separate
PZT 0.05 M films; however, it should be noted that these films were from the same batch.
From the ToF-SIMS data of a ZnO–PZT 0.4 M film in Section 3.4.2, the relative ratio
of the Zr and Ti signals was observed to change close to the film surface, and it may be
the case that there is the potential for significant composition variation in this region of
ZnO–PZT films. However, a more comprehensive ToF-SIMS study would be required to
verify this.
Another observation made from the ToF-SIMS data acquired from the 0.4 M PZT
thin-film was that the Pb concentration appeared to increase near the surface due to the
excess Pb(OAc)2 used in the sol-gel. This is also reflected in these results: the thinnest
PZT layer (0.001 M) is closest to the expected PZT stoichiometry (1.23:0.36:0.64) with
the Pb %at tending towards 2.00 with increasing sol-gel concentration. The 0.05 M films
yielded slightly higher Pb concentrations than the other films, with a Pb %at of 3.06
times the concentration of the Ti and Zr components.
The Zn 2p signal is observed to decrease on modification with PZT; however, it does
not fall below the sum of the individual Pb 4f , Ti 2p, and Zr 3d signals, despite the
increasing PZT thickness (∼ 17 nm at 0.1 M). As shown in Figure 3.12 (Section 3.4.2), for
a ZnO–PZT (0.4 M) film, a surface region of around 2 – 3 nm forms at the top of the film;
additionally, the CsZn+ signal was observed to increase at the film surface whilst being
absent in the PZT bulk. Whilst this could possibly be attributed to island formation
(i.e. the film surface contains distinct regions of both ZnO and PZT components) or
discontinuity in the PZT film, the ToF-SIMS data on dense, continuous PZT layers in
the previous chapter suggests that this surface Zn arises from chemical etching of ZnO
by the sol-gel.
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4.3.1.1 Surface Chemistry
The O 1s core line data shown in Figure 4.4 show the evolution of the the oxygen
bonding in the film with increasing PZT sol-gel concentration. The unmodified ZnO film
appears to consist of 3 components as outlined in [12]: the main O–Zn bond, O–Zn bonds
affected by nearby defects, and surface HO–Zn groups. Modification with PZT yields a
shift in the core line maximum to lower binding energy, centred around 530.8 eV, which
corresponds to the energy of surface O–Pb bonds [13, 14]. Modification of ZnO with
0.001 M PZT leads to an immediate decline in the Zn hydroxyl signal; moreover, the
Pb bonding dominates the O 1s shape. Although the 0.001 M modification should only
modify the very top of the ZnO film, the relative drop in O–Zn contribution to the core
line suggests that this modification affects a larger volume of the ZnO film. Whilst it is
possible to derive quantitative data from O 1s core line fitting, due to the presence of up
to 6 discrete components within a 5 eV range higher resolution data would be required
in order to acquire significant species populations for these surfaces.
Figure 4.4 – O 1s core lines acquired by XPS for ITO–ZnO–PZT thin-films with different
PZT sol-gel concentrations. i) displays the peaks as an offset stack, whilst plots the PZT
modified samples together showing gradual broadening of the core line. The ZnO peak
assignments in i) are as follows (from [12]: Z1 (531.4 eV), O–Zn bond; Z2 (532.6 eV), O–Zn
bond close to lattice defects; Z3 (533.7 eV), HO–Zn surface groups. The contributions from
Pb are (from [13]): P1 (529.5 eV), O–Pb; P2 (530.8 eV), O–Pb surface species; P3 (532.2
eV), HO–Pb surface species. Data acquired by Dr E. Ratcliff.
The data suggest that there an increasingly large contribution to the O 1s core line
arising from HO–Pb groups. As discussed in Section 1.4.1.3.2, the presence of HO–Zn
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bonding can be detrimental to device performance due to the unfavourable electronic
interaction between the hydroxyl groups and the polymer; whilst modification of ZnO
with PZT removes the HO–Zn population, it is not known how differing degrees of
hydroxyl termination of PZT would affect the PZT:polymer interaction and the resulting
conformation of the organic material — further investigations into this area are required.
4.3.2 Time-of-Flight Secondary Ion Mass Spectrometry
Figure 4.5 – ToF-SIMS depth profile for an ITO–ZnO–PZT (0.05 M sol-gel) thin-film,
featuring three distinct material regions (PZT, ZnO, and Si). The different material regions
were demarcated at the point where elemental signals drop to 50 % of their maximum value.
All elemental signals except for Si are derived from the CsM+ ion, where M = Zn, Zr, Ti,
Pb. Depth was calibrated by profilometry of the crater created during the milling process
— the total film depth was found to be 106 nm. Data acquired by Dr S. Fearn.
ToF-SIMS data was acquired for a single 0.05 M PZT film as a complement to the
XPS data above and compared with the composition and imaging data obtained from a
ZnO–PZT 0.4 M thin-film given in Section 3.4.2. Whilst the thickness measurements in
Figure 4.1 show that 0.05 M of PZT should deposit approximately 11 nm of material,
from the ToF-SIMS data the PZT is seen to affect approximately the top 20 nm of the
film: this is likely a reflection of the high surface roughness of the spray pyrolysed ZnO
layers (RRMS 8.10 nm). A number of observations can be made from these data:
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i) The Si+ signal shown in Figure 4.5 increases near the surface of the film; whilst
this may indicate some degree of contamination, this rise was only observed for the
Si+ signal and not for its isotopes. Moreover, given that the observed signal in this
region was about 2 orders of magnitude lower than the Si maximum, it is likely that
this is an artifact.
ii) The Pb signals for all isotopes exhibit a much different profile to Ti and Zr as they
do not possess maxima. The signals exhibit similar behaviour to Ti and Zr when
moving from the ZnO to the PZT region; however, the signal does not level off
in the same fashion and at a distance of ∼ 2 nm from the film surface there is a
sharp upturn in the signal spanning an order of magnitude. This indicates that the
film surface here is Pb-rich, as was determined by both the XPS data and from the
ToF-SIMS data for the 0.4 M PZT film.
iii) The Zn signals are not observed to diminish to zero in the PZT region, as was the
case for the thick 0.4 M PZT film on ZnO. Whilst this may be due to discontinuity
in the PZT film, it is likely that this is simply a reflection of the roughness of the
ZnO–PZT interface, particularly when taking into account the XPS results in the
previous section and the absence of a significant population of Zn–O bonds in the
O 1s signals. The ZnO signals are observed to decline in the PZT region, reaching
a minimum at a depth of around 4 nm before increasing in the surface region of the
film; this again indicates segregation of Zn to the top of the film as the signal would
be expected to drop towards zero otherwise.
4.3.3 Summary
Both surface and bulk compositions of the ZnO–PZT thin-film series were probed using
XPS and ToF-SIMS respectively. From the XPS data, excess Pb and Zn are shown to
be present at the surface in all films with the atomic concentration of Pb increasing with
increasing sol-gel concentration: this is not unexpected given that the precursor sol-gel
contains an excess of Pb to account for loss during annealing. From the O 1s core lines,
PZT modification removes the HO-Zn groups from the surface which are known to be
detrimental to device performance, although HO-Pb groups were observed to increase
with increasing PZT thickness. The ToF-SIMS data obtained for the ZnO–PZT 0.05 M
film corroborates the findings of the XPS data, showing that the PZT surface is Pb rich;
additionally, as was the case for the 0.4 M PZT film, there is evidence of Zn etching and
segregation to the surface region of the film.
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4.4 Microstructure
Microstructural analysis of the ITO–ZnO–PZT series was carried out using AFM. This
technique was used to characterise the grain structure of the films and to track the
evolution of the film microstructure with increasing PZT layer thickness. Power spectral
density (PSD) analysis of the AFM topography films was used to provide a comprehensive
description of the grain structure — the results are discussed with reference to the TEM
data presented in Section 3.4.2.2.
4.4.1 Topography
Tapping mode AFM was used to characterise the ITO–ZnO–PZT thin-films, yielding to-
pographical (Z-height), phase offset, and amplitude error maps — a brief description of
AFM and the equipment used in these experiments is given in Section 2.3.4. Height and
phase scans (2 x 2 µm) for the PZT film series are displayed in Figure 4.6. 0.75 x 0.75 µm
and 15 x 15 µm scans were also acquired.
There are clear differences in morphology between the ZnO and highest concentration
of PZT (0.4 M) — the ZnO surface possesses a large distribution of grain sizes and a
rough surface (RRMS = 8.10 nm); in contrast, films modified with 0.4 M PZT (∼ 105 nm)
of PZT are much less rough and consist of smaller grains. Grain size analysis of AFM
data may be carried out using algorithms such as watershed and thresholding to obtain
quantitative population distributions: in this case, the watershed method was used to
derive the grain sizes from the amplitude error plots given the clear marking of grain
boundaries in these images. Given the relatively small size of the grains — especially in
the PZT case — effective segmentation of the grains in the images was somewhat limited
and thus the derived grain distributions are only approximate. From the distributions
shown in Appendix Figure B.2, the ZnO film exhibited a wide range of grain sizes from
around 10 to 50 nm (mean grain size 48 nm), whereas in the case of the ZnO–PZT
(0.4 M) film distribution was rather less diffuse (the mean grain size being 28 nm) —
these are comparable to the approximate crystallite sizes derived from XRD data by the
Scherrer method in Section 3.2.3.
From the AFM images, there is little evidence of island formation in these films from
either the topography scans or from the contrast in phase images — if distinct regions
of ZnO and PZT were present on a film surface, it would be expected that this would
result in a more phase-contrasted image. Given that there are significant differences
in roughness between the relatively flat Nb:SrTiO3 substrates used for PZT nanoisland
growth in [5] and the rough ZnO growth materials used in this work, this is not wholly
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unsurprising. Furthermore, as ZnO is less chemically stable to the processing conditions
used in PZT deposition than Nb:SrTiO3, it could be expected that chemical changes in
ZnO play a role in the promotion of PZT growth — chemical changes to the ZnO surface
would likely preclude the formation of island structures or distinct separation between
the two materials. This conclusion is also suggested by the XPS data in Section 4.3.1.1 as
a discontinuous layer PZT or ZnO would be expected to present more equal populations
of O–Pb and O–Zn bonds in the O 1s core-lines which is not observed.
The roughness parameters for the ITO–ZnO–PZT thin-film series are given in Ta-
ble 4.1 as well as the maximum height value recorded for the films (Rmax)
1. The param-
eters were derived from 15 x 15 µm height scans to include as many surface features as
possible into the calculation — statistical quantities derived from smaller scans may be
influenced heavily by local undulations in the film.
PZT Concentration Ra Rrms Rmax
(M) (nm) (nm) (nm)
ITO 2.14 2.71 27.93
0.000 6.47 8.10 73.11
0.001 5.80 7.30 74.10
0.010 5.90 7.41 72.15
0.025 6.53 8.17 57.14
0.050 3.34 4.24 58.49
0.400 1.85 2.35 32.27
Table 4.1 – Roughness parameters derived from tapping-mode AFM height scans
(15 x 15 µm) for SP-Z–PZT thin-films on ITO.
The data show that the films undergo ‘smoothing’ with increasing PZT layer thick-
ness. Within this trend, an increasing roughness is observed at 0.025 M cf. the 0.001
and 0.01 M modified films — from a visual comparison with the AFM topography im-
ages, it could be posited that this marks the onset on discrete PZT layer formation.
The application of PZT clearly has an influence on the grain structure of the films (as
shown in Section 3.4.2.2), illustrated by modification with the 0.001 M PZT sol-gel —
although this modification should only chemically alter the ZnO surface rather than
forming a discrete PZT layer, a decrease in film roughness is seen and the grain size
distribution analyses show a general enlargening of the grains. To verify the role of PZT
in chemical modification of the ZnO, ZnO films were treated with a methanol/acetic acid
1Rmax was used to check the films for pinholes: if its value is similar to the measured thickness for a
film, it is likely that the films contain pinholes which can be detrimental to hPV performance.
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solution with the same pH as the PZT sol-gel using the same conditions as with PZT
modification — these results are presented in Appendix Figure A.6. Although the RMS
roughness in the acid modified films is reduced from 4.95 to 3.95 nm, significant changes
in microstructure and grain size are not observed suggesting that the presence the PZT
precursor materials chemically drive the change in grain structure.
From the Rmax values, it can also be concluded that, as well as generally smoothing
the film surface, PZT modification also helps to eliminate pinholes as the values de-
crease with increasing PZT sol-gel concentration. At 0.025 M, the Rmax value is lower
than the sum of the lowest measured ZnO thickness and the estimated thickness of the
0.025 M PZT thin-film, suggesting that PZT helps to ‘fill-in’ the film which may help
to reduce leakage current in devices by eliminating contact between polymer and the
bottom electrode.
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Figure 4.6 – 2 x 2 µm topography (Z) and phase scans for the ITO–ZnO–PZT thin-film
series prepared with different PZT sol-gel concentrations, acquired using tapping mode AFM.
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4.4.1.1 Fractal Analysis
Whilst roughness quantification can be extremely useful and may be correlated with a
number of material properties, it is a general quantity solely derived from the height
values of a film and excludes lateral relations between values and cannot be used in a
description of surface structure. For example, this study shows a general decrease in
roughness with increasing PZT sol-gel concentration; however, the roughness parame-
ters only take into account the height deviation of a film and samples with very different
morphologies may possess the same height values [15]. Moreover, the roughness param-
eters commonly used have been observed to depend on the sampling intervals of the
instruments used to measure the samples [16, 17].
Figure 4.7 – Height-height correlation function (HHCF) plots derived from AFM topog-
raphy scans (15 x 15 µm) and fits from which Df is derived. Inset: variation of Df with
changing PZT sol-gel concentration.
Recently, fractal descriptions of thin-film surfaces have been used to describe their
topographical structure [15, 18, 19]. Fractals allude to the fractured pieces of an object
which combine to form a whole; the key feature of a fractal object is the concept of
self-similarity, sometimes referred to as scale invariance, in that segments of an object
are approximately similar to the object — as such, zooming in on a fractal image leads
to no novel detail as the fractal pattern exists at multiple length scales2 [20]. Whilst a
2Whilst exact self-similarity is a feature of some fractals, it is not a requirement of a fractal object:
in many cases, a fractal has to be rescaled anisotropically to fulfill this criterion. This is referred to as
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line, a plane, and a cube possess integer dimensionality of 1, 2, and 3 respectively, fractal
objects possess non-integer dimensionality — this is quantified by the fractal dimension
(Df ) which, in simple terms, describes how a fractal object fills space. A thin-film
surface possesses a dimensionality 2 ≤ Df ≤ 3, with an increasing value corresponding
to increasing surface complexity.
A number of methods exist for evaluating the fractal dimension of a surface from
AFM topography data, including the area-perimeter [21] and variational methods [22].
The structure function method has previously been employed successfully in the fractal
analysis of PZT [23] and ITO [16] thin-films: from the AFM height measurements con-
sisting of a two-dimensional data field of size NxM (where N and M are the numbers of
rows and columns), the one-dimensional height-height correlation function (HHCF) may
be derived from the following by considering only the profiles along the fast scanning
x-axis [24]:
Hx(τx) =
1
N(M −m)
N∑
l=1
M−m∑
n=1
(zn+m,l − zn,l)2 (4.1)
m = τx/∆x , n = τy/∆y
τx = x1 − x2 , τy = y1 − y2
thus the function is evaluated in τx where ∆x is the sampling interval. As such, the
HHCF describes the statistical relationship between two points on the surface. From the
HHCF, Df (in terms of deviation from a 2-dimensional plane) may be evaluated from
the roughness exponent, α, using Df = 2 + (1− α). Below the ‘knee’ of the HHCF, the
function scales with r2α, thus Df may be evaluated by taking the slope of the log-log
plot of the HHCF, as illustrated in Figure 4.7 [16].
Typically, increasing Df in thin-films is indicative of increasing surface roughness [25];
however, in this case, the opposite trend is observed. This is most likely related to the
changing morphology of the films with PZT modification: the addition of this layer leads
to an increase in the film complexity despite the overall smoothing of the surface — from
a visual inspection of the AFM height images, the thick (0.4 M) PZT thin-film consists
of small, tightly packed grains with local undulations arising from the ZnO morphology;
additionally, as discussed later in this chapter, the film also contains larger, multi-grain
structures.
Whilst Df should theoretically be constant at any length scale, the data in Table 4.2
show that there were discrepancies in Df taken from 2 x 2 µm and 15 x 15 µm scans of up
self-affinity and is thought to be a characteristic of many polycrystalline, thin-film surfaces.
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[PZT] Fractal Dimension Ra RRMS
(M) 2 x 2 µm 15 x 15 µm (nm) (nm)
ITO 2.17 2.29 2.14 2.71
0.000 2.12 2.16 6.47 8.10
0.001 2.08 2.15 5.80 7.30
0.010 2.10 2.16 5.90 7.41
0.025 2.12 2.18 6.53 8.17
0.050 2.17 2.23 3.34 4.24
0.400 2.32 2.32 1.85 2.35
Table 4.2 – Fractal dimensions for ITO–ZnO–PZT thin-films calculated from the HHCF
of AFM topography data. Roughness parameters (for 15 x 15 µm scans) are given for
comparison.
to 0.09. These discrepancies are likely to arise from irregular features in the film which
appear more frequently with increasing scan area [23] — this may be a reflection of the
material growth process, resulting in local inhomogeneities in the surface structure [26],
whereas a more homogeneous surface should yield a constant Df over a wide scan range.
As such, in the context of this study, Df is a useful complement to the standard roughness
quantities; in future studies, correlation of functional properties to both the roughness
parameters and Df may be made.
4.4.1.2 Power Spectral Density Function Analysis
Further structural information may be derived from the AFM data, in particular different
structural components of the thin-film. As mentioned previously, direct measurement of
grain-sizes through watershed segmentation algorithms did not provide a quantitatively
accurate measure of grain size for these films, although they were useful for providing an
approximate guide to the grain size distributions. However, it is possible to derive the
length scales of correlated structures (including grains and larger structures) from other
means, one of which is through analysis of power spectral density (PSD) functions [27, 28].
The PSD function is derived from the autocorrelation function (similar to the height-
height correlation function given in Equation 4.1) and is essentially a decomposition
of the surface height profile into its spatial wavelengths and describes both the surface
roughness (much like the parameters Ra and RRMS), but also information on the lateral
components of this variation [29, 30]. The two-dimensional autocorrelation function
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G(τx, τy) is given:
G(τx, τy) =
∫ ∫ ∞
−∞
z1z2 w(z1, z2, τx, τy) dz1 dz2 (4.2)
From this, the two-dimensional power spectral density function W (Kx,Ky) may be ex-
pressed in terms of a Fourier transform:
W (Kx,Ky) =
1
4pi
∫ ∫ ∞
−∞
G(τx, τy) e
−i(Kxτx+Kyτy) dτx dτy (4.3)
As with the HHCF in Section 4.4.1.1, topographical AFM data is evaluated in one
dimension along the fast scanning axis. This can then be evaluated using a fast Fourier
transform:
W1D(Kx) =
2pi
NMh
N∑
j=0
∣∣∣∣ h2pi
N∑
k=0
zkj e
−(Kxkh)
∣∣∣∣2 (4.4)
This describes the ‘standard’ PSD function; however, it is also possible to derive the
radial PSD (R-PSD), an angularly integrated two-dimensional function expressed as a
function of radial frequency:
Wr(K) =
∫ 2pi
0
W (K cosφ,K sinφ)Kdφ (4.5)
Whilst the R-PSD is similar in nature to the PSD, it takes into account the correlation
heights for all angles, thus providing a more complete correlation map of the data; as
such, the R-PSD spectra were used to evaluate the ITO–ZnO–PZT films in this work.
It has been noted that there are two widely used definitions of the PSD function in the
literature, one of which scales with L−2 and the other with L−3: this yields functions
with units (length)4 and (length)3 respectively. As discussed in [28] and [31], the former
definition of the PSD function results in it no longer being associated with roughness
and thus the latter definition is used in this study.
The R-PSD spectrum contains information on both the film roughness (σ) and cor-
relation length (τ): the former is equivalent to RRMS (as calculated from an entire film),
but applied to a single, discrete component — the PSD spectrum-derived value for σ is
now used as a standard measure of microroughness [32]. τ is a measure of mean structure
size and can apply both to individual grains and to larger, multigrain components. The
main advantage of PSD spectrum analysis is that it allows for the identification of mul-
tiple components in films and quantification of their individual structural contributions
such as roughness. This in contrast to standard roughness parameters which consider
only the whole film; additionally, whilst grain-marking techniques (as outlined above)
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may provide good approximations of grain size distributions, it is much harder to identify
correlated structures with this method.
In preparation for extraction of the R-PSD data, raw AFM height scans were cor-
rected for background using a 2nd-order polynomial and line corrected in both X and Y
axes. Subsequently, the surface was reconstructed using an erosion algorithm to remove
tip uncertainty effects — this was carried out using a tip model (pyramidal, 90◦ rotated
tip, apex radius 8 nm, slope 54.7◦. Subsequently, the R-PSD spectra were derived from
the AFM height data using Gwyddion [8] — in calculating the R-PSD, the edges of the
scans were omitted as these regions (particularly at the edges of the y-axis) can easily
become distorted due to scanner artifacts [33].
4.4.1.2.1 Surface Models
Comprehensive surface structure models have been proposed to evaluate thin-films from
their PSD spectra, in particular in [17] (metal fluoride coatings on fused silica and CaF2
substrates) and in [34] (Gd2O3 films on quartz). In these papers, the PSD spectra
analysed were derived by averaging data acquired over different scan sizes3 to provide a
single PSD spectrum covering a larger spectral range than its components. The models
used in this paper consist of three components: i) a fractal model accounting for the
substrate influences, given by:
Wfr(k) =
F
kv+1
(4.6)
where F is the spectral strength and v the spectral index relating to the fractal dimension
of the surface. Next, the PSD contribution arising from the pure film was evaluated using
the K-correlation model [35] (also known as the ABC model) from which the roughness
and correlation lengths may be derived:
WABC(k) =
A
(1 +B2f2)(C+1)/2
(4.7)
σABC =
√
2piA
B2(C − 1) and τABC =
√
(C − 1)2B2
2pi2C
where A determines the PSD at small f values, B the position of the ‘knee’ in the function,
and C the function at high f values and is greater than 2. Lastly, as the ABC model alone
3This required partial overlap of spatial-frequency ranges of the individual curves and that the power
spectral densities in the overlapping region were of the same order of magnitude.
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does not account for superstructures which may appear in the low frequency range of the
spectra, these were modelled using a shifted Gaussian model. Although the model used
in these reported works was to fit a standard PSD, in this work, a function appropriate
to the R-PSD spectra was used (where ksgs is the frequency shift of the Gaussian):
Wsgs(k) = 1/2 σ
2
sgsτ
2
sgs (k − ksgs) e(−1/4 (k−ksgs)
2 τ2sgs) (4.8)
4.4.1.2.2 R-PSD Fitting
Firstly, PSD spectra derived from AFM topography scans with sizes 0.75 x 0.75, 2 x 2,
and 15 x 15 µm were averaged to yield a single spectrum for each of the films anal-
ysed in this work, as outlined above in Section 4.4.1.2.1. In initial fits of the R-PSD
spectra, whilst the fractal component fit appropriately to the high frequency range, the
K-correlation model was found to be inadequate as the decay observed in the 5 x 107
to the 5 x 108 m−1 range was more rapid than could be attained in fitting. Whilst the
models given in [16] and [17] consider the K-correlation as a description of the ‘pure
film’ independent of the substrate, in these works, the materials systems were rather less
complex consisting of substrate and coating components; in this case, the film consists
of the substrate (glass), the ITO coating, ZnO, and finally the PZT modification. It
was found that the best fits consisted of fitting the high frequency component with the
fractal mode (Equation 4.6 and using multiple shifted Gaussian functions to model the
remainder of the film (Equation 4.8). An example of the fit and its components is given
in Figure 4.8. Fitting was carried out using the Origin software suite which employs a
Levenberg-Marquadt algorithm to carry out a least squares fitting to the data.
It must be noted that, given the complexity of the film structures used in this work,
that assignation of the derived parameters to specific components is not particularly
straightforward. From the data below, it seems that the presence of ITO adds an extra
layer of complexity to the interpretation of results; ultimately, the decision to continue
the study into films containing the ITO layer was made for two reasons: firstly, as ITO
is an essential component in devices, the data would reflect applied structures; secondly,
as the ITO layer was shown to influence the grain structure of the SP-Z layer (compared
to glass) in Section 3.2.2, analysing systems based on ITO–ZnO structures would be of
greater use to this work. However, it is acknowledged that comparison to a set of films
omitting the ITO layer would be required to increase the certainty of the assignments
made in this work.
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Figure 4.8 – Top: total fit and individual components for the R-PSD spectrum of an ITO–
ZnO–PZT (0.025 M) thin-film derived from AFM topography (Z) data. Bottom: Comparison
and fits for R-PSD spectra of thin-films modified with PZT sol-gels of differing concentration.
Inset: R-PSD spectra obtained for 0.025 M sample using different scan AFM scan sizes and
their combination to form a single R-PSD covering a wider frequency range.
The results of the R-PSD spectra fittings are given in Table 4.3 alongside the rough-
ness parameters and fractal dimensions derived in Sections 4.4.1 & 4.4.1.1 respectively.
Each film required fitting with 2 – 4 shifted Gaussian functions: in Table 4.3, Gaussian I
corresponds to a PZT superstructure, Gaussian II to a ZnO component, and Gaussians
III and IV to components with similar τ values present in all films. The PZT superstruc-
ture appears as a ‘hump’ in the lower frequency range of the R-PSD as shown for the
0.4 M example in Figure 4.8 and is first detected in the 0.05 M sample. Columnar PZT
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structures have been observed to form on substrates such as Pt/Si [36] and it is likely
that such structures could likewise grow on ZnO; whilst, it was not possible to identify
distinct columns in the TEM cross-sections of SP-Z–PZT (0.4 M) films (discussed in
Section 3.4.2.2), previous experiments into the ZnO–PZT system (not detailed in this
study) showed that columns of PZT form on sol-gel-derived ZnO films when annealing
the films under similar conditions — such a micrograph is displayed in Appendix B.1. As
the PZT layer grown on the SP-Z films is more densely packed, it may be the case that
these columns are present in these film with less well-defined superstructure boundaries.
Gaussian II was assigned to large ZnO grains, given that no such component was
found in ITO or in the 0.4 M PZT case — these grains appear to be the most significant
contributors to the film roughness. This component is affected by PZT modification
— as noted previously, modification with 0.001 M PZT sol-gel leads to an enlargening
of the ZnO grains and a slight decrease in roughness; this is reflected in an increase in
correlation length from 71.8 to 80.8 nm. At 0.01 M and 0.025 M, the correlation lengths
for this component match those observed for unmodified ZnO, whereas at 0.05 M this
is reduced to 54.6 nm and the component is not present in the 0.4 M film. There is an
increase in the roughness of this component at 0.025 M, whilst at 0.05 M this is much
reduced from 7.53 to 2.43 nm — a similar observation was made for the RRMS values,
and it is possible that this marks the onset of discrete PZT layer formation.
Gaussians III and IV are more difficult to assign directly, given that they appear
in each layer of the thin-film. It is possible that the ITO grains seed ZnO grains of
similar sizes, leading to the wide distribution of grain sizes as derived from watershed
analysis outlined earlier. τ3 remains fairly consistent in magnitude through the PZT
concentration series, as opposed to the ZnO component of Gaussian II — whilst there
is a slight decrease from 40.0 nm to around 36.5 nm in the films modified with higher
PZT concentrations, it is present in all the films. It is not certain whether, at the higher
PZT concentrations, this quantity corresponds to some larger grains of PZT or whether
it corresponds to film undulations due to the ZnO layer.
Gaussian IV presents only small variations across the film series. Whilst this is the
dominant component for the 0.4 M PZT thin-film in terms of grain size, due to its co-
incidence with ITO and ZnO components, unfortunately it cannot be used to measure
the onset of PZT evolution in these films.
The fractal component of the model did not show substantial variation from film
to film; the spectral index (related to the fractal dimension of the substrate) possessed
a limited range from 0.59 to 0.69; however, the fitting of this region was not always
satisfactory and the fitting model of this section requires further refinement.
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Samples Standard Roughness Df (HHCF) Fractal Model Gauss I Gauss II Gauss III Gauss IV
15 x 15 µm PZT S. Struc. ZnO Mixed Mixed
[PZT] Ra RRMS Rmax 2 x 2 15 x 15 K v σ1 τ1 σ2 τ2 σ3 τ3 σ4 τ4
(M) (nm) (nm) (nm) µm µm 10−16 m (nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm)
ITO 2.14 2.71 27.93 2.17 2.34 13.3 0.65 – – – – 2.52 39.8 0.94 19.5
0 (SP-Z) 6.47 8.10 73.11 2.12 2.16 7.39 0.63 – – 7.14 71.8 3.72 40.0 0.92 18.7
0.001 5.80 7.30 74.10 2.06 2.15 8.0 0.59 – – 6.93 80.8 2.31 41.5 0.84 18.0
0.010 5.90 7.41 72.15 2.10 2.16 35.1 0.69 – – 6.96 69.0 2.46 36.7 0.73 15.9
0.025 6.53 8.17 57.14 2.12 2.18 34.6 0.67 – – 7.53 69.9 2.70 34.0 0.85 19.7
0.050 3.34 4.24 58.49 2.17 2.23 3.1 0.61 3.26 106.6 2.43 54.6 5.00 36.2 0.47 16.8
0.400 1.85 2.35 32.27 2.32 2.40 10.5 0.68 1.65 144.0 – – 1.49 36.5 0.90 17.3
Table 4.3 – All structural parameters derived from topographical AFM data. For the R-PSD spectra fits, Gaussian I corresponds to PZT superstructural
contributions, Gaussian II is a ZnO contribution, whilst Gaussians III and IV are assigned to different components in the respective films.
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4.4.1.2.3 Discussion
Given the complexity of the ITO–ZnO–PZT thin-films, the fitting model used in the
previous section offers a reasonable description of the surface. The presence of PZT
superstructures was not directly corroborated by inspection of the TEM data for these
films; however, columnar PZT has been shown to form on Sol-Z films and it is likely that
they too exist in the SP-Z case, albeit more tightly packed. Although further imaging is
required in order to verify the model, the method does offer a non-destructive analytical
technique for analysis of film microstructure. As TEM is a technique requiring time-
intensive processing, it is difficult to acquire large volumes of data (e.g. for a series of
films, such as the set investigated in this chapter) and to repeat experiments; in contrast,
whilst not a perfect model, the R-PSD function method allows for the analysis of a large
volume of data in a reasonably short space of time, as well as yielding quantitative
information for each component. Additionally, AFM allows for the analysis of much
larger areas which may be much more representative of a thin-film than a single cross-
section.
Further validation of this system is needed, however. Firstly, the fractal component
of the model did not always fit appropriately; secondly, the system could be reduced in
complexity by removing the ITO component to deconvolute the system and increase the
certainty in peak assignation; thirdly, using a more uniform and less complex ZnO layer
(such as those deposited by techniques such as pulsed laser or atomic layer deposition)
would also reduce the film complexity which the rough spray pyrolysed layers provide in
this study. On top of this, by employing a greater range of PZT concentrations a fuller
description of the evolution of the PZT layer could be made, particularly in terms of
aspects such as layer formation and superstructure onset.
Ultimately, the structural parameters derived here may correlate well with the func-
tional properties of PZT, especially in terms of ferroelectricity. One potential future
experiment (outlined in Chapter 6) involves local ferroelectric characterisation of the
ITO–ZnO–PZT film series using piezoforce microscopy (PFM) — it is likely that the
microstructural characteristics derived here influence the polarisation characteristics of
the film.
4.4.2 Summary
The microstructure of the ZnO–PZT system was evaluated using quantitative analysis
of AFM data, namely through fractal analysis and the fitting of R-PSD functions. In-
creasing the thickness of PZT led to an increase in fractal dimension from 2.12 to 2.32,
indicating an increase in topographical complexity. Whilst the R-PSDF fitting model
used to evaluate these films requires refinement, the evolution of the PZT microstructure
with increasing thickness was tracked through changes in the roughness and correlation
size of each component. At PZT sol-gel concentrations above 0.05 M, a superstructural
PZT component appears; it is likely that these corresponds to the formation of PZT
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columns which have been observed to form on ZnO layers. This method of evaluation
may be used for a number of different film systems and allow for quantitative analysis of
microstructural characteristics whilst only requiring a small number of time-consuming
TEM cross-sections to validate the model.
4.5 Conclusions
PZT layers were grown on ZnO with thicknesses appropriate for use as interlayers in
hybrid photovolatic devices. This was achieved through dilution of a precursor sol-gel:
in this study, sol-gel concentrations were varied from from 0.001 M to 0.05 M (0.4 M
being the stock concentration of the PZT), yielding films up to 11 nm thick (as measure
by AFM of PZT films on Si substrates). Compositional analysis was carried out using
ToF-SIMS (bulk) and XPS (surface): the data show that the surfaces contain an excess
of Pb, thus the films deviate from the expected stoichiometry between Pb:Ti:Zr; this is
thought to arise due to the excess Pb added to the PZT sol-gel to compensate for loss
during heating. From the analysis of XPS O 1s core lines, the evolution of the surface
chemistry from ZnO to PZT was monitored, showing that even at an extremely low
modifier concentration of 0.001 M, the HO–Zn groups are eliminated — these have been
previously cited as being detrimental to device performance.
Topographical and microstructural characterisation was carried out using AFM: from
these results and the XPS data it could be inferred that islands of PZT do not form using
this modification process. Surface characteristics were derived, showing that, overall, film
roughness decreases with increasing PZT thickness; using the HHCF method, the fractal
dimension of the films was shown to increase with increasing PZT thickness indicating
an increase in morphological complexity, despite the decreasing roughness.
Further evaluation of the microstructure was carried out by fitting the R-PSD func-
tion curves of the films to a surface model. From this, the microstructural evolution of
the film could be determined to some degree, although the complexity of the ITO–ZnO–
PZT layer structure introduces some uncertainty in the assignment of film components.
The data suggest that PZT superstructures with correlation lengths of > 100 nm form
at sol-gel concentrations of 0.05 M and above; it is thought that these superstructures
correspond to polycrystalline column formations in the PZT film. Whilst this analytical
model requires some refinement, the results show that it has much potential in the char-
acterisation of film structure, in particular for large data sets as it is a much less time
and labour-intensive technique than TEM. These results set up future experiments into
the effect of reduced PZT size on polarisation characteristics which may be measured
using PFM — this is outlined in Chapter 6.
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Chapter 5
Incorporation of PZT into Hybrid
Photovoltaic Devices
5.1 Introduction
In this chapter, an investigation into the incorporation of PZT into ZnO–P3HT (poly(3-
hexylthiophene)) based hybrid photovoltaic (hPV) devices is reported. As covered in
Section 1.4.3, inorganic interracial modifiers such as TiOx and CdS have been shown to
improve the performance of ZnO:polymer hPVs and in this work, PZT layers are incor-
porated at the oxide:polymer interface for the first time.
To evaluate the influence of PZT in the operation of the ZnO–(PZT)–P3HT system,
photoluminescence spectroscopy (PL) and transient absorption spectroscopy (TAS) were
used to probe the charge generation and recombination characteristics respectively at
the oxide:polymer interface. Subsequently, hPV devices containing these layers were
fabricated and tested to assess their overall impact on solar cell performance. This
study provides the framework for further investigations into the effect of ferroelectric
polarisation on hPV devices.
5.2 Electronic Characterisation of ZnO
As discussed in Section 1.4.1, the defect chemistry of ZnO is both extensive and sensitive
to synthetic methods and processing conditions; as a result, ZnO is a highly variable
material in terms of its optoelectronic properties. Given that the PZT growth exper-
iments outlined in Chapters 3 & 4 had been carried out using spray-pyrolysed ZnO
(SP-Z) as growth substrates, it was initially decided to carry out the work detailed in
this chapter using these films. However, initial current density–voltage characterisation
of SP-Z-based inverted bilayer hPV devices (device structure: ITO/SP-Z/P3HT/Ag)
suggested that the ITO was collecting holes and the top contact electrons, i.e. that the
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device was operating as a ‘normal’ rather than an inverted device (J–V data shown in
Appendix Figure C.1), an unusual observation given that ZnO is a strongly n-type mate-
rial. After eliminating the possibility of equipment malfunction or incorrect setup of the
J–V testing rig, it was hypothesised that the defects in ZnO were interfering with the
device operation; therefore, SP-Z films were characterised using PL spectroscopy and
compared to sol-gel-derived ZnO films (Sol-Z) which had previously been successfully
incorporated in hPV devices. Additionally, the effect of annealing SP-Z at 450 ◦C for 1
hour was measured — these being the same conditions used to anneal Sol-Z films.
Figure 5.1 – (i) Tauc plot illustrating the calculation of direct band gaps for different Glass–
ZnO films. ii) PL spectra for Glass–ZnO films (offset stacking, normalised spectra). The
films were probed using an exciting laser at 320 nm and a scanning range of 350 – 600 nm.
PL intensity was corrected using absorption value acquired at the excitation wavelength.
Band gaps for the different ZnO types (deposited on glass) were calculated from UV-
vis spectroscopy using the Tauc method, as illustrated in Figure 5.1 — the method is
described in Section 2.5.1. The band gap was not observed to vary significantly between
films: 3.24 eV for Sol-Z, 3.25 eV for SP-Z, and 3.26 eV for annealed SP-Z — this is likely
to be within the error of the technique. These values are lower than the commonly cited
value of 3.3 eV for bulk ZnO: this is often observed in ZnO thin-films and is attributed
to the presence of n-type defects [1]. It is unclear from these results alone whether the
band gap changes observed here arise from defects, or perhaps other optical effects such
as scattering.
To probe the ZnO defects, PL spectroscopy was used: the film was excited using a
wavelength of 320 nm and the subsequent scan for emissions ranging from 350 – 600 nm
— the resulting data (corrected for absorption) is displayed in Figure 5.1. The data show
distinct differences in defect emission between the three films. Sol-Z presents the lowest
degree of defect emission (centred ∼ 440 nm); in the unannealed SP-Z film, the defect
peak is larger and shifted to longer wavelengths (centred at∼ 455 nm). Annealing the SP-
Z film further increases the defect emission and shifts the peak to even longer wavelengths
(centred at ∼ 465 nm). Although identification of the specific defects requires higher
resolution spectroscopy, qualitatively this signifies a shift of defects deeper into the band
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gap: it is possible that in the SP-Z films (both as deposited and annealed), these provide
an alternative conduction pathway through the mid-gap of ZnO.
5.3 Charge Generation and Recombination
In OPV systems, understanding interfacial processes is crucial for designing efficient
devices. Whilst these processes are often reflected in the device performance, it can be
difficult to ascribe them with certainty. As such, alternative methods such as the comple-
mentary techniques PL and TAS are widely used to isolate and identify interfacial effects.
In this context, PL can be used to investigate processes at the donor–acceptor (D–A)
interface by exciting the polymer: this generates excitons which either decay through
radiative processes or by dissociation at the heterojunction which can ultimately lead to
charge generation. In a D–A system, the degree of luminescence quenching is an indica-
tor of efficient exciton dissociation. TAS is a pump–probe method used to characterise
charge recombination in these systems; by exciting the polymer in a D–A system and
scanning at a characteristic wavelength for charge polarons, the lifetime of these sepa-
rated charges can be evaluated.
For the following studies, the ZnO–(PZT)–P3HT films were deposited on glass. ZnO
(both SP-Z and Sol-Z) and PZT were deposited as reported in Chapter 3. On top of this,
a 10 mg ml−1 solution of P3HT in chlorobenzene was spin-coated to produce a polymer
film with a thickness of ∼ 40 nm as measured by profilometry.
5.3.1 Photoluminescence Spectroscopy Studies
Here, PL studies were carried out to evaluate: i) differences in charge generation between
SP-Z and Sol-Z films; ii) the effect of PZT modification on defects in ZnO films; iii) the
effect of PZT modification on charge generation in the ZnO–P3HT system. The three
ZnO films evaluated in Section 5.2 — as deposited SP-Z, annealed SP-Z, and Sol-Z —
were used in these studies. For PZT-modified films, PZT was spin-coated from a 0.05 M
sol-gel (the molar concentration referring to the combined concentration of the Zr/Ti
component), dried at 200 ◦C, then annealed at 560 ◦C for 30 minutes (loaded into a
preheated oven) as outlined in Section 3.3.2.
5.3.1.1 ZnO–P3HT
Charge generation was measured in ZnO–P3HT films (with Sol-Z, SP-Z, and annealed
SP-Z) by exciting the polymer layer at a wavelength of 550 nm. The results for Sol-Z–
P3HT films (with as-cast and annealed P3HT) are shown below in Figure 5.2. For the
Sol-Z–P3HT films, luminescence quenching is clearly observed: this yields around a 30 %
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decrease in PL intensity. Assuming a perfectly flat ZnO–P3HT interface and a P3HT
exciton diffusion length of 8.5 nm [2], for a 40 nm P3HT film, only ∼ 21 % of excitons
can be expected to reach the heterojunction (assuming that all the excitons generated
within Lex of the interface reach it) — however, the Sol-Z–P3HT is not a perfectly flat
interface (Sol-Z RMS roughness is ∼ 4.2 nm), thus it is expected that a greater number
of excitons will be susceptible to quenching.
Figure 5.2 – Absorption corrected PL spectra for ZnO–P3HT thin-films on glass. The
polymer was excited using a wavelength of 550 nm, followed by a scan for emission between
575 – 850 nm. The solid black line corresponds to neat P3HT on glass. Inset: the change in
PL intensity as a percentage relative to the neat Glass–P3HT reference.
For the SP-Z and annealed SP-Z films, significant degrees of PL quenching were not
observed; in fact, in the case of as-deposited SP-Z, a large increase in PL intensity was
recorded. These results are discussed in greater detail below in Section 5.3.2.
5.3.1.2 ZnO–PZT–P3HT
The effect of PZT modification was investigated on both the defect chemistry of the
oxide layers (through excitation of ZnO) and in the context of charge generation in the
oxide:polymer heterojunction (through excitation of P3HT): datasets for both of these
cases is presented in Figure 5.3. The PZT sol-gel concentration used in these studies was
0.05 M which yields an ∼ 11 nm thin-film on an Si/SiO2 surface under these processing
conditions.
From the PL spectra, it can be ascertained that PZT modification only effects a
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Figure 5.3 – i) Stacked absorption-corrected and normalised PL spectra comparing Sol-Z,
SP-Z, and annealed SP-Z before (dashed lines) and after modification with 0.05 M of PZT
(solid lines). The ZnO was excited at 320 nm and emissions scanned in the range 350 –
650 nm. ii) PL spectra for Sol-Z–P3HT films, with and without 0.05 M PZT (dashed line is
unmodified ZnO, solid line for ZnO–PZT–P3HT). The bold line is the PL spectra for a neat
Glass–P3HT film. In these data, the polymer was excited using a wavelength of 550 nm,
followed by a scan for emission between 575 – 850 nm. Inset is the percentage change in
luminescence relative to the neat P3HT.
small change in the defect characteristics of ZnO: in the case of Sol-Z, the PL profile
is almost identical in both the modified and unmodified cases. For the SP-Z films, the
defect emission appears to be slightly blue shifted in the PZT-modified films for the as-
deposited SP-Z film, the PL profile is very similar to that of the Sol-Z–PZT film, albeit
with greater defect emission (peak around 445 nm). For the annealed SP-Z–PZT film,
the defect emission peak is centred around 455 nm, although this is blueshifted from
∼ 465 nm in the unmodified case; for both of the SP-Z films, it appears that the PZT
processing conditions promote the shift of defects towards the conduction band, whereas
the conditions used for SP-Z annealing promoted a shift in defects to deeper levels.
The PL data for Sol-Z–PZT–P3HT (Figure 5.3) yielded a slight decrease in lumines-
cence quenching compared to the unmodified case. As was the case for SP-Z–P3HT films,
no quenching was observed on PZT modification of SP-Z films (Appendix Figure C.3).
5.3.2 Discussion
Beek et al. observed increases in PL intensity in certain cases in their study of nanocrys-
talline ZnO:P3HT bulk heterojunction films and posited that the overall luminescence
intensity in this system consists of contributions not only from exciton quenching, but
also from luminescence arising from disordering of the polymer chains (although this
claim was not investigated experimentally) [3]; as such, it was concluded that a quan-
titative measures of exciton dissociation cannot be derived from PL measurements on
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ZnO:polymer systems — i.e. from these results, it would be erroneous to conclude that a
30 % decrease in PL intensity corresponds to quenching of 30 % of the excitons generated
in these films. As discussed in Section 1.4.1.3, the defect chemistry of ZnO — especially
at the surface — is highly sensitive to processing conditions and therefore it can be ex-
pected that there may be substantial differences in the defect populations of Sol-Z and
SP-Z films; this in turn may affect the surface energy of the material and subsequently
the ordering of the polymer on the oxide surface. However, further studies would be
required to test this hypothesis — these are outlined in future work (Chapter 6). Ulti-
mately, while this does not necessarily preclude the possibility of exciton quenching in
these systems, the extent to which it occurs cannot be directly ascertained from these
data. Likewise, although luminescence quenching was observed in Sol-Z–P3HT films
both with and without PZT, this is not a straightforward quantitative measure of charge
generation in these films.
The hypothesis that the defect levels in these SP-Z films effectively prevent them from
acting as acceptor layers is supported by the PL data. Additionally, annealing of the
films was not observed to change the defect emission favourably. It was concluded thus
that subsequent experiments (TAS and hPV fabrication and testing) should be carried
out using Sol-Z films. Despite the lack of success in fabricating SP-Z-based solar cells in
this work, these layers have been successfully incorporated into working hPV devices in
other reports [4, 5]: given the large number of variables in the deposition of these films,
it is likely that some small changes to the spraying procedure will affect defect density
and/or type. Other routes may be explored to improve the suitability of these layers
to this application, such as inclusion of additives in the precursor solution — N-doping
of ZnO (using atomic layer deposition) has been shown to reduce defect density and
improve hPV performance [6], whilst the addition of poly(vinyl pyrrolidone) (PVP) has
been investigated to stabilise defects in the synthesis of colloidal ZnO [7].
5.3.3 Transient Absorption Spectroscopy
TAS is used to study charge recombination in organic D–A systems. Typically, this is
carried out by exciting the polymer (pump) — in this case using a wavelength of 510 nm
to generate charges in P3HT — and measuring the signal over time from the resulting
hole polarons in the film (probe) using a known wavelength, 980 nm in this case [8].
For this study, Sol-Z–PZT–P3HT films on glass were fabricated using methods outlined
previously. The PZT sol-gel concentration was varied between 0.4 M and 0.001 M: in this
section, results from 0.05 M and 0.01 M concentrations are presented in Figure 5.4. For all
films, the P3HT thickness was ∼ 40 nm, deposited by spin-coating from chlorobenzene.
The polaron yield in the PZT-modified films was noticeably lower than for the Sol-
Z/P3HT reference. Although the PL data suggest that the presence of PZT does not
have a significant effect on exciton quenching, the decrease in yield may be attributed to
the increased resistance of PZT relative to ZnO. However, the hole lifetime was greatly
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Figure 5.4 – Absorption-corrected TAS data for Sol-Z/(PZT)/P3HT films on glass. The
P3HT was excited by pumping at 510 nm, whilst the hole polaron decay was measured at
980 nm. PZT concentrations of 0.05 M (11 nm of material on a flat surface) and 0.01 M
(4 nm of material on a flat surface) were used. Data acquired by K. Prashanthan [9].
increased with PZT modification: for unmodified ZnO, the hole half-life was calculated
to be 15 µs, whereas values of 162 µs and 2 ms were obtained for 0.025 M and 0.05 M of
PZT respectively. A slight increase in polaron half-life (around 3-fold) was also observed
in modification of ZnO with 0.001 M of PZT (data shown in Appendix Figure C.4), a
very dilute solution corresponding to a sub-nanometre layer of material. Charge life-
times of this magnitude have previously been observed in the case of dye-modified ZnO
nanorods which exhibited a long lifetime of 6 ms [10] and in TiO2-modified ZnO nanorods
(8 ms) [11]. Increased hole lifetime in these systems is considered to be indicative of sup-
pressed recombination pathways: in this case, it is hypothesised that the presence of PZT
presents a physical barrier at the ZnO–P3HT interface which spatially separates electron
and hole polarons and prevents them from undergoing non-geminate recombination.
5.3.4 Summary
PL was used to analyse the defects in ZnO films deposited by different processes, namely
sol-gel and spray pyrolysis. These data showed that the deposition method and process-
ing conditions significantly affect the defects in these films: the defects in Sol-Z appeared
to be shallower than those observed in SP-Z, and the defect emission in the former was
less intense. Subsequent modification with PZT did not have a significant effect on the
defect emission in ZnO.
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Subsequently, PL was used to probe charge generation in ZnO–(PZT)–P3HT films
through excitation of P3HT. Luminescence quenching was observed in Sol-Z–P3HT films
with and without PZT modification relative to neat P3HT, suggesting that charges were
being generated at the polymer:oxide interface. However, no luminescence quenching
was observed in SP-Z or SP-Z–PZT films; although this does not necessarily preclude
the possibility of charge generation in these systems, it was decided that subsequent
experiments be carried out solely on Sol-Z and Sol-Z–PZT films.
TAS data was then used to probe charge lifetime in the Sol-Z–PZT system using
different concentrations of PZT. The presence of PZT was observed to increase the hole
polaron lifetimes from 15 µs (unmodified ZnO) to up to 2 ms for 0.05 M PZT. These
increased hole lifetimes were attributed to suppression of non-geminate recombination
pathways by PZT.
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5.4 Device Fabrication and Testing
5.4.1 Design and Fabrication
Figure 5.5 – Schematic diagram of hPV design with table containing processing details and
thicknesses of each layer.
The effect of PZT modification on Sol-Z–P3HT devices was measured through fabrica-
tion of hPV devices and measuring their J–V characteristics under dark and illuminated
conditions. In these experiments, PZT modification was carried out using sol-gels of dif-
ferent concentrations: 0.05 M (11 nm), 0.01 M (4 nm), and 0.001 M (< 1 nm)1. Given the
wide band gap of PZT and perovskite ferroelectric materials in general (> 3.2 eV) [12],
it was not expected that PZT would contribute much to device photovoltage: control
devices without P3HT generated negligible photocurrent. A proposed flat energy band
structure of the oxide:polymer interface is given in Figure 5.6.
In this study, inverted bilayer hPV devices were fabricated such that during operation
the bottom ITO contact would collect electrons and the Ag top contact holes. The
devices fabricated in this work were designed to maximise the shunt resistance and
minimise contact resistance, short-circuit pathways, and leakage current; as a result, any
trends in device performance would be predominantly influenced by processes occurring
at the oxide:polymer interface. To this end, the following design points were taken into
consideration:
i) Reasonably thick ZnO layer (> 100 nm) without pinholes to prevent direct contact
of polymer with ITO.
1The PZT thicknesses were measured for films deposited on smooth Si/SiO2 substrates; given the
roughness of Sol-Z films and the porosity of the structure, it is expected that the actual PZT layer
thickness will be slightly reduced, hence PZT sol-gel concentrations will be used to differentiate between
films as opposed to thickness.
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ii) Thick polymer layer: although better device performances (especially in terms of
Jsc) can be achieved with thinner polymer layers, thicker layers help to eliminate
short-circuit pathways.
iii) MoO3/Ag top contacts: MoO3 has been shown to improve device performance in
OPVs and it has been observed that devices with these layers are relatively insensi-
tive to the metal contact used [13]. The mechanism by which MoO3 improves OPVs
has been substantially revised in recent years: it has been established that it is pre-
dominantly an n-type material that improves devices not by electron-blocking, but
by pinning the HOMO of the polymer to its work function resulting in an Ohmic
contact and allowing efficient charge injection from polymer to oxide [14, 15]. By
using Ohmic contacts, the resulting device Voc will be determined by interfacial
processes (with the maximum Voc being determined by DHOMO–ACB offset) rather
than by the built-in voltage between the contacts [16].
Fabrication of bilayer hPVs was carried out as follows: Sol-Z films were deposited
on clean ITO substrates as outlined in Section 3.2 using 3 coats of 0.75 M Zn(ac)2
sol-gel before annealing at 450 ◦C for 1 hour. A small area of ITO was masked using
Kapton tape before PZT was deposited by spin-coating a sol-gel of concentrations 0.05 M
(approximately 11 nm), 0.01 M (approximately 4 nm), and 0.001 M (< 1 nm), dried at
200 ◦C and annealed at 560 ◦C for 30 minutes (substrates loaded into preheated oven)
and allowed to cool back to room temperature. High regioregularity, microfluidic flow
reactor-derived P3HT (Mn 54,500 g mol
−1, PDI 1.55) [17] was stirred in chlorobenzene
for at least 12 hours at 50 ◦C until dissolved to form a solution with a concentration
of 45 mg ml−1. Prior to deposition, the solution was heated to 75 ◦C and spin-coated
at 1500 rpm for 45 seconds; this resulted in a polymer film of approximately 435 nm
as measured by profilometry. Chlorobenzene was used to remove polymer covering the
masked area of ITO; the ZnO in this area was also etched using 2 M HCl to expose the
ITO bottom contact. Devices were completed as per the procedure in Section 2.6.1: top
contacts consisting of 10 nm of MoO3 followed by 80 nm of Ag were thermally evaporated
onto the substrates using a shadow mask, yielding 6 contacts per substrate each with an
area of 0.045 cm2. Before device testing, a small quantity of Ag paste was applied to
both top and bottom contacts to ensure a good electrical contact between the measuring
equipment and the device.
J–V characteristics were measured as outlined in Section 2.6.2 using voltage sweeps
from -1.5 to +1.5 V (from reverse to forward bias). Dark curves were acquired before
and after device illumination; devices were illuminated by a Keithley Solar Simulator set
at 100 mW cm−2 (AM 1.5) calibrated using a Si photodiode.
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Figure 5.6 – Energy level diagrams for: i) the ZnO–P3HT system, reprinted with permission
from [18], ©2013, AIP Publishing LLC.; ii) Pt–PZT–ZnO in a M–I–M structure (N.B.
energy levels for PZT 52/48), from [19] ©IOP Publishing, reproduced by permission of
IOP Publishing; iii) simple flat-band representation omitting band-bending of the ZnO–
PZT–P3HT system showing the maximum Voc for ZnO–P3HT (Voc1) and ZnO–PZT–P3HT
(Voc2).
5.4.2 Device Performance
The unmodified ZnO devices exhibited somewhat poorer J–V characteristics than ex-
pected: in terms of Voc, ∼ 0.30 V had been observed for hPV devices made from Sol-
Z [20], compared to 0.16 V observed in this study; from the literature, Voc values of 0.3
– 0.5 V can be expected from this system [21]. From the J–V curves given in Figure 5.7,
the leakage current is very high in spite of the presence of both thick ZnO and polymer
layers: this is reflected in the low FF values for these films (Table 5.1). Although the
source of the leakage current is unclear, there are a number of possibilities: despite the
relatively thick ZnO layer and the seeming absence of pinholes, the porous nature of the
microstructure may present opportunities for direct contact between the polymer and
the ITO; another possibility is if the ZnO surface contains a high density of electron
traps which act as charge recombination centres [22].
Modification of Sol-Z films with all concentrations of PZT led to increases in device
performance. At 0.001 M (< 1 nm), the leakage current was greatly reduced, reflected
in the improved fill-factors; increasing the PZT sol-gel concentration further reduced
leakage current with both 0.01 M (∼ 4 nm) and 0.05 M (∼ 11 nm) exhibiting similar
J–V curve gradients in the reverse bias regime. Shunt resistance (Rsh), calculated from
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Figure 5.7 – J–V curves obtained for inverted ZnO–P3HT hPV devices with PZT interlayers
derived from different concentrations of sol-gel. Illuminated curves (line and symbol plots)
acquired under AM 1.5 conditions at 100 mW cm−2; dark J–V curves (dotted lines) obtained
after illumination are also presented.
the slope of the J–V curve under reverse bias, was seen to increase with increasing PZT
concentration which would account for the observed decrease in leakage current; series
resistance (Rs) values were also derived from the J–V curves in the forward bias region
and showed an increase with increasing PZT concentration, to be expected given the
insulating nature of PZT — both of these are listed in Table 5.1).
In terms of Jsc, the figures were comparable for 0.001 M and 0.01 M, agreeing with
data in Section 5.3.1.2 showing that the presence of PZT did not have a great effect
on charge generation. At 0.05 M, the Jsc is somewhat lower than for the reference
devices (0.163 mA cm−2 compared to 0.233 mA cm−2); this correlates with the TAS
data which showed a decline in hole polaron yield in PZT-modified films. Although the
PL data suggested that annealing P3HT in PZT-modified devices may improve exciton
quenching, this processing step did not lead to a marked change in device characteristics;
all data reported in this section is derived from devices with as-cast P3HT.
The presence of PZT enhanced the Voc in all cases, up to 0.734 V for 0.05 M: this
is comparable to the highest Voc values reported for bulk ZnO–P3HT devices in the
literature [23, 24, 25] and optimised nanocrystalline ZnO:P3HT BHJ devices [26, 27]. It
is possible that increasing the thickness of the PZT layer further may lead to greater
gains in Voc, although the decreasing Jsc will limit this — devices with 0.1 M of PZT
(∼ 17 nm) exhibited negligible photocurrent.
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[PZT Sol] Jsc Voc FF PCE Rs Rsh
(M) (mA cm−2) (V) % Ω·cm2 kΩ·cm2
0
0.233 0.162 0.302 0.012
34 0.18
(0.304) (0.131) (0.344) (0.014)
0.001
0.273 0.299 0.350 0.027
42 2.16
(0.301) (0.338) (0.422) (0.043)
0.01
0.284 0.540 0.476 0.073
51 49.46
(0.293) (0.578) (0.503) (0.085)
0.05
0.163 0.734 0.408 0.050
87 123.75
(0.182) (0.856) (0.4367) (0.068)
Table 5.1 – Solar cell performance (AM 1.5 solar illumination) for ZnO–P3HT devices mod-
ified with PZT sol-gels of different concentrations. The average device values are presented
first with the highest-performing pixels (by PCE) given in brackets. All devices illuminated
for < 2 minutes.
The device performance values given in Table 5.1 were derived from pixels across 3
substrates at each PZT concentration with each averaged value derived from at least 4
device pixels. However, many of the pixels did not display rectifying behaviour (deemed
to be ‘dead’) and therefore could not be used for evaluation. Pixel-to-pixel variation in
device performance may be accounted for by a number of factors: firstly, the filling of
these films with polymer may vary from film to film; secondly, the coating of the ZnO
with PZT will be much less uniform than for a more planar film. Given the substantial
changes in device performance with each concentration of PZT, these local variations in
interlayer thickness can substantially affect the repeatability in device performance. As
such, it would be beneficial to repeat these experiments using low roughness ZnO films
(such as those deposited by methods such as atomic layer or pulsed laser deposition
— ALD and PLD respectively) and a more complete range of PZT concentrations to
optimise this system.
5.4.2.1 Effect of Illumination
Whilst ZnO–P3HT hPV devices have been shown to operate effectively, prolonged illu-
mination generally leads to a rapid decrease in J–V characteristics, especially the Voc [28]
(in this paper, devices ceased to function after 50 minutes of constant illumination); in-
deed, many groups use UV filters to measure ZnO-based cells [29]. This has been ascribed
to the electronic properties of ZnO (given that polymers are generally not observed to
undergo degradation on such a short timescale) — UV light excites electrons into the
ZnO conduction band (CB) which initially leads to trap filling. However, prolonged il-
lumination further populates the CB and as the carrier density increases, the ZnO takes
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on more conducting behaviour leading to disappearance of photovoltaic behaviour [30].
Figure 5.8 – J–V curves acquired at different time intervals for a device modified with
0.05 M PZT sol-gel under constant AM 1.5 illumination (100 mW cm−2).
Conversely, the PZT-modified devices exhibited good stability under prolonged illu-
mination and, as shown in Figure 5.8, the Voc was observed to increase significantly over
the course of 35 minutes — from 0.856 to 0.947 V for this particular pixel. This is the
highest known Voc value reported for ZnO–P3HT devices at the time of writing. Similar
effects were observed for 0.01 M films: an increase from 0.578 to 0.714 V was observed
over a 10 minute period. Devices modified with 0.001 M of PZT exhibited somewhat
mixed results with the performance of some pixels declining with time and some exhibit-
ing slight increases in Voc, probably due to incomplete coating of the sample with the
sol-gel. Whilst the Voc was observed to stabilise under prolonged illumination, the Jsc
and Fill Factor declined slightly after around 10 minutes of illumination, thought to be
due to thermal effects or degradation of the polymer.
The Voc of a solar cell, derived from the relationship between a diode and a photo-
voltage, is given thus [31]:
Voc =
nkT
q
ln(
Jsc
J0
+ 1) (5.1)
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As J0 is a measure of the current which may be extracted from a device, Voc is therefore
strongly affected by recombination as it depends on the ratio Jsc/J0. The increases in Voc
observed here are likely due to reductions in trap-assisted recombination: as the ZnO
is illuminated, electrons are excited from the VB to the CB by UV irradiation which
act to fill electron trap defects. Similar effects have been observed for OPV devices
using ZnO interlayers in which device performance increases with illumination time [32]:
in these cases, the ZnO is not part of the active layer, and thus the increase in layer
conductivity does not have a perceptible effect on charge generation. The presence of
PZT prevents the subsequent degradation of performance associated with increasing ZnO
conductivity, thus these devices maintain their photovoltage. This is discussed in more
detail in Section 5.4.3.
[PZT Sol] Illumination Jsc Voc FF PCE
(M) (mins) (mA cm−2) (V) %
0.05 2 0.182 0.856 0.437 0.068
5 0.184 0.896 0.461 0.075
10 0.185 0.920 0.435 0.074
20 0.181 0.940 0.404 0.069
35 0.178 0.947 0.392 0.066
0.01 1 0.293 0.578 0.503 0.085
6 0.312 0.679 0.515 0.109
9 0.313 0.714 0.526 0.118
Table 5.2 – Solar cell characteristics for PZT-modified hPV devices under prolonged illu-
mination at 100 mW cm−2 (AM 1.5). The values presented were acquired for single device
pixels.
5.4.3 Discussion
The increases in Voc observed for the PZT-modified devices can be attributed to both
reduced interfacial recombination (as shown by the TAS data) and reduced trap-assisted
recombination due to prolonged device illumination, as discussed above.
Table 5.3 compares the modification presented in this work with reports of other
modifiers. The most comparable result presented is that for Mg-doped ZnO in which a
voltage of > 0.90 V was reported: in this case, the doping changed the band gap of ZnO,
raising the conduction band and therefore increasing the ACB–DHOMO offset, leading to
the voltage rise (it should also be noted that Mg incorporation is likely to change the
defect chemistry in ZnO). It is hypothesised that the high Voc observed in this work is
predominantly due to three factors: i) reduction in leakage current; ii) suppression of
interfacial recombination; iii) enhancement of the depletion length in ZnO; iv) alteration
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Modifier Modifier Details ZnO Structure Voc Hole t1/2 Ref.
(V)
PZT 0.05 M Bilayer 0.947 2 ms -
CdS 20 nm Bilayer 0.604 - [33]
TiOx 5 nm Bilayer 0.604 - [34]
Mg Bulk, 35 %at Bilayer ∼ 0.900 - [25]
TiO2 TiCl4 0.05 M Nanorod 0.320 8 ms [11]
N Surface Nanorod 0.710 - [23]
Z907 Dye Nanorod ∼ 0.250 6 ms [10]
Table 5.3 – Review of the effect of different ZnO modifiers on Voc and charge lifetime of
ZnO–P3HT hPV devices.
of the heterojunction band structure by PZT.
Reduction in Leakage Current: the PZT modification results in a noticeable reduc-
tion in leakage current observed in the reverse bias region of the J–V data. This can be
attributed to improvements in Rsh which were observed to increase with increasing PZT
thickness; this may be a result of PZT “filling in” the ZnO layer and preventing contact
between polymer and the ITO bottom contact — this was suggested by the topogra-
phy data in Section 4.4.1. However, other surface modification techniques such as the
nitrogen plasma used by Oh et al. have been shown to increase Voc in devices without
affecting the ZnO morphology [23], i.e. these improvements could not be attributed to
removing pinholes in the ZnO films; Lee et al. have also proposed that modification of
ZnO with thin TiOx layers may also suppress current leakage by passivating ZnO sur-
face defects [35]. Therefore, it is likely that — whilst PZT modification does eliminate
physical leakage pathways — the leakage current is also reduced through changing the
ZnO defect chemistry.
Suppression of Recombination: the hole lifetime data derived from TAS suggests
that interfacial recombination is suppressed in PZT modified devices. However, in ref-
erences [11] (TiO2 modification of ZnO nanorods) and [10] (dye modification of ZnO
nanorods), similarly long hole lifetimes were reported, yet the reported Voc values were
low. This suggests that this explanation alone is insufficient to account for the voltage
observed in these devices2.
Depletion Length in ZnO: The maximum attainable Voc in the ZnO–P3HT system
2In both of these reports, the contacts would appear to be Ohmic (ITO and PEDOT:PSS/Au), thus
the Voc should be limited by the active layer rather than built-in voltage across the contacts of the device.
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has been measured to be approximately 1.5 V [18], considering : in this study, the authors
cite the short depletion in ZnO created by the interface with P3HT as one of the main
reasons for Voc losses. As reported by White et al., the presence of a thin layer of TiOx
was calculated to stabilise the internal electric field in ZnO with increasing distance
from the interface. Given the observation that the Voc of PZT-modified ZnO devices
do not degrade with illumination, it can be inferred that the presence of PZT acts to
maintain the depletion zone in ZnO, despite the increasing population of the CB. It has
been shown that polarisation coupling can occur between ZnO (piezoelectric) and PZT
(ferroelectric) which may influence depletion in the ZnO layer [36] although further stud-
ies on PZT switching are required to investigate this effect in the context of hPV devices.
Effect of PZT on Band Structure: It is possible that the presence of PZT alters
the device band structure3. In the case of CdS modification of ZnO–P3HT devices, the
CBCdS lies 0.3 eV above that of ZnO; the presence of CdS improved the Voc in these
devices by 0.3 V. In a study on Pt–PZT–ZnO M–I–M structures, it was proposed that
the PZT CB lies above that of ZnO at ∼ 3.5 eV [19]. The increased separation in en-
ergy between the polymer HOMO and the oxide conduction band may account for the
increased Voc, although electronic characterisation of the PZT is required to determine
its band structure in these films.
From these results, it is clear that PZT enhances the performance of ZnO-based hPV
devices. Although the role of ferroelectricity in device performance was not established
in these experiments, they set the foundations for investigations into the incorporation
of poled PZT layers into hPV devices which may potentially effect further performance
gains; regardless, the improvement of the Voc close to 1 V in these devices is encouraging.
By combining PZT-modification with established routes for improving the Jsc — through
the transfer of this work into nanostructured arrays and/or the incorporation of acceptor
interfacial modifiers such as PCBA [5] or designed conjugated molecules [37] — it may
be possible to produce much higher performance hPV devices than have been reported
to this point.
5.5 Conclusions
From PL and device testing, it was concluded that spray-pyrolysed ZnO films were
unsuitable for hPV fabrication and subsequent experiments were carried out using sol-
gel-derived ZnO. PL and TAS were used to probe charge generation and recombination
in ZnO–PZT–P3HT films revealing that, whilst PZT modification has little effect on
3Unfortunately, it was not possible to verify this experimentally: attempted ultraviolet photoelectron
spectroscopy (UPS) measurements on ZnO–PZT films were unsuccessful due to sample charging.
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charge generation, the lifetime of separated hole polarons is greatly enhanced from 15 µs
to 2 ms, suggesting reduction in interfacial geminate recombination.
Subsequent hPV device testing revealed that PZT greatly enhances the Voc, although
in some cases the Jsc was reduced due to increased series resistance. It was found that,
unlike unmodified ZnO–P3HT devices, prolonged illumination did not lead to a rapid
reduction in device performance, instead increasing the Voc. In the case of modification
with 0.05 M of PZT, saturation of the Voc at 0.947 V was achieved after 35 minutes of
illumination, suggesting complete filling of electron traps in ZnO [38]. This Voc value
is currently the highest reported for ZnO–P3HT devices. It is posited that the en-
hancement in Voc arises from a number of factors including suppressed recombination,
enhanced depletion in ZnO due to PZT modification, and the position of the PZT CB
leading to augmentation of the DHOMO–ACB offset which determines the maximum Voc
that a device may attain.
Although the role of piezo- and ferroelectric effects were not established, this study
provides the basis for future investigation. Moreover, these results show that PZT modifi-
cation is an effective route for enhancing Voc and subsequent integration with established
methods for enhancing Jsc may provide a route towards the creation of high performance
hPVs.
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Chapter 6
Summary and Future Work
6.1 Summary of Work
The aim of this thesis has been to improve the device performance of ZnO–P3HT hybrid
photovoltaic (hPV devices) using the ferroelectric (FE) oxide lead zirconate titanate
(PZT), opening the door to further research into the effects of FE polarisation on device
performance. In Chapters 3 & 4, the work focussed on the growth of PZT on ZnO,
especially in terms of microstructural and compositional characterisation. In the former,
the growth of PZT on ZnO was optimised, establishing that PZT crystallises with a
random orientation on ZnO in the temperature range used for this work (500 – 560 ◦C).
The microstructure and composition of these films was determined; whilst it was found
that some etching of Zn occurs during processing, the Zn is not incorporated into the
PZT bulk, instead segregating to the top of the layer. The growth of PZT was found to
proceed with a high seeding density on ZnO, leading to dense films with small (5 – 20 nm),
tightly packed grains. Cross-sectional imaging revealed the presence of a secondary phase
at the ZnO–PZT at the interface; whilst the composition of this was not ascertained, a
likely candidate is orthorhombic PbO — PbO has previously been shown to influence
PZT growth on other substrates such as ITO and Pt. Further studies are required to
show the impact of these impurities on ferroelectric behaviour.
In Chapter 4, the results of the previous chapter were extended to PZT thin-films
with reduced thickness. From compositional data, it was ascertained that excess Pb
segregates to the surface of the PZT, likely forming a secondary phase; additionally, the
change in the surface chemistry as a function of PZT thickness was recorded. The to-
pography of the ZnO–PZT were characterised extensively using atomic force microscopy
(AFM) showing that PZT island formation does not occur; additionally, power spectral
density function analysis was used to derive structural correlation lengths for different
components in the thin-films and the evolution of the ZnO–PZT microstructure with
increasing PZT thickness was tracked. Although the model used requires some refine-
ment, this is potentially a very useful tool for monitoring microstructural change using
a non-destructive method as it circumvents the need for high volumes of cross-sectional
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TEM data which requires a much longer time to prepare and image.
In Chapter 5, PZT was incorporated in hPV devices. PZT interlayers were shown
to improve the open-circuit voltage (Voc) of the devices substantially, leading to an
overall increase in efficiency; additionally, unlike typical ZnO:P3HT devices, the solar
cell characteristics of these devices improved with prolonged exposure to light. The Voc
was observed to reach a maximum value of 0.947 V (from 0.16 V for the unmodified
film) with a PZT layer derived from a 0.05 M sol-gel: this is the highest Voc value
achieved by a ZnO–P3HT hybrid device at the time of writing. The origins of this large
increase in Voc can be partially attributed to the greatly increased charge lifetime, as
determined by transient absorption spectroscopy, indicating a reduction in interfacial
charge recombination. However, it is posited that the offset between the conduction
band of the acceptor and the HOMO of the donor is increased with PZT modification,
increasing the maximum attainable Voc of the device which would also contribute to this
large voltage increase.
6.2 Future Work
The work presented in this thesis provides the framework for a number of different
avenues of research into both the ZnO–PZT system and into further hybrid and organic
photovoltaic research. As well as photovoltaic applications, there are other applications
which may exploit the polarisation coupling between the two materials — this has been
demonstrated for ZnO–PZT-based capacitor systems [1], but may also be extended to
other piezoelectric applications.
6.2.1 Further Materials Characterisation
Although this study includes a a broad range of structural characterisation of the ZnO–
PZT films, there are a number of experiments available which would supply a greater
understanding of the system. Two areas are of particular interest: firstly, analysing the
PZT ‘surface region’ (as shown by the time-of-flight secondary ion mass spectrometry
data in Section 3.12) and identifying the non-PZT phases present in this region; secondly,
local FE characterisation of ZnO–PZT thin-films, particularly at lower PZT length scales
to determine the critical thickness of the PZT layers in this system.
6.2.1.1 Grazing-incidence X-ray Diffraction Studies
In conventional XRD, the radiation incident on the sample typically penetrates on the
order of millimetres and the resulting diffraction patterns are representative of the bulk
crystallography. In this work, XRD characterisation of the PZT interlayers became
increasingly difficult with decreasing thickness; additionally, the compositional analysis
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of these films showed possible segregation of Pb and Zn to the surface. Grazing-incidence
X-ray diffraction (GIXRD) can be used to probe the crystallography of the surface: this
can be especially useful if secondary phases are present in this region; additionally,
differences in surface structure to the bulk may be reflected in the results. A typical
GIXRD instrumental setup is given in Figure 6.1 — typically very low glancing angles
are used (∼ 1◦), requiring a very well collimated and highly focussed, intense X-ray
beam, usually achieved through the use of monochromator crystals (such as Ge) [2].
Figure 6.1 – Representation of GIXRD apparatus. Reproduced from [3]: image courtesy
of the Helmholtz Zentrum Dresden Rossendorf (HZDR).
GIXRD has previously been used to investigate ultrathin PZT thin-films [4]. In
the context of this work, the technique could be used in three ways: firstly, to identify
crystallisation of PZT with decreasing film thickness to determine the point at which
PZT no longer crystallises in the tetragonal phase; secondly, to probe the crystallinity
of Pb and Zn impurity phases present at the PZT surface — these studies could be used
to fine-tune the optimisation of annealing conditions and determine whether prolonged
heating leads to a decrease in the presence of these impurities or whether the presence
of Zn stabilises them; thirdly, GIXRD can be used to probe the crystal structure of
polymers such as P3HT [5]. Differences in surface chemistry lead to differences in polymer
ordering on a surface which may influence device performance [6]: by depositing thin
layers (< 10 nm) of P3HT on ZnO and ZnO–PZT surfaces, any changes in interfacial
polymeric ordering could be ascertained using this method — this method has previously
been used to study polymer conformation on ZnO and Li-doped ZnO thin-films [7].
6.2.1.2 Scanning Probe Microscopy Techniques
Scanning probe microscopy encompasses a plethora of techniques which may be carried
out using the same basic apparatus: this includes atomic force microscopy which was
used extensively in Chapters 3 & 4 to image the topography of ZnO–PZT thin-films.
With the appropriate modifications and equipment, investigation of properties such as
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piezoresponse and local conductivity may be carried out [8] which would provide useful
insights into the functional behaviour of ZnO–PZT system.
6.2.1.2.1 Ferroelectric Characterisation
The ZnO–PZT thin-films in this work did not exhibit discernible tetragonal peak split-
ting: although FE behaviour has been reported for ZnO–PZT films with similar XRD
patterns [9], FE characterisation of the films in this work would be required to unambigu-
ously determine that they do crystallise in the tetragonal phase. Moreover, determination
of the FE properties of these films is a prerequisite to carrying out studies into the effects
of permanent polarisation in hPV devices.
Figure 6.2 – i) illustration of the response of a piezoelectric sample to the applied AC
bias of a PFM tip. Image reproduced from [10], originally by Dr S. Jesse (Oak Ridge
National Laboratory). ii) topographical AFM image of a PZT rosette grown on ITO; iii)
and iv) are the corresponding piezoforce response data acquired by SS-PFM. iv) shows the
piezoelectric hysteresis loops acquired in different regions of the sample. Images reproduced
with permission from [11].
Characterisation of FE properties is often conducted through the fabrication of
Metal–Insulator–Metal structures and measurement of capacitance–voltage (C–V) char-
acteristics. However, at reduced length scales of the FE material, designing capacitors
which produce adequate signal-to-noise ratios in these measurements becomes increas-
ingly difficult as the thickness of the film is reduced; additionally, it is expected that
leakage current across the device will increase with decreasing thickness, further hin-
dering measurement. An alternative method to this is the use of piezoresponse force
microscopy (PFM): this technique, along with the spatially resolved switching spec-
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troscopy PFM (SS-PFM) variation, has been used to characterise PZT films, notably in
the verification of the ferroelectric properties of 3-dimensional nanostructures possessing
grain sizes with comparable size to those used in this work [11].
The experimental setup for PFM is similar to that of AFM, outlined in Section 2.3.4,
although sample grounding and conductive probes are required; unlike capacitors, a
conductive top contact is not required, thus imaging could be carried out on the ITO–
ZnO–PZT structures synthesised in this work. In operation, the polarisation response
of the surface to an AC bias of the tip is measured, allowing imaging of ferroelectric
domains [12]. SS-PFM allows acquisition of polarisation hysteresis loops across a surface,
from which the FE switching characteristics can be derived. Additionally, this can be
mapped as a function of position, thus allowing local variations in FE properties to be
determined. This technique provide extremely useful data on the FE behaviour of the
ZnO–PZT structures with changing thickness and could be used to determine the critical
thickness of the PZT films. Additionally, a comparison between ZnO, ZnO–PZT, and
a similar PZT film grown on a non-piezoelectric material (for example, TiO2 provides
a similarly high seeding density for PZT [13]) may yield insights into the polarisation
coupling between ZnO and PZT.
6.2.1.2.2 Conducting AFM Studies
Conducting AFM (C-AFM) is an extension of AFM in which conventional topographical
imaging is conducted whilst the current between the tip and the sample (negatively
biased) is measured — for this, as with PFM, conductive probes are required. In addition
to the current maps, current–voltage (I–V) characteristics may be recorded in a single
location [14]. This technique may be used to investigate the conductivity of the ZnO–
PZT thin-films and could be used to determine the extent to which PZT modification
limits charge transport in a device.
C-AFM has also been used to acquire local I–V loops in bulk-heterojunction OPV
devices to correlate film conductivity with the film morphology [15]. A comparison in
the C-AFM scans of ZnO–P3HT and ZnO–PZT–P3HT films could be helpful in analysis
of the role of PZT in hPV devices; moreover, this technique could be implemented as
part of the proposed study into PZT poling in hPVs presented in Section 6.2.2.2.
6.2.2 Photovoltaics
This study has provided the basis for further research into the origins of enhancement of
device performance by PZT which ultimately aims to elucidate whether FE polarisation
does indeed affect the performance of either organic or hybrid photovoltaic systems,
or whether this is a consequence of the other properties of the materials. The following
proposed experiments build off the work in this thesis and aim address these outstanding
points.
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6.2.2.1 Optimisation of ZnO–PZT Devices
Whilst the work in Chapter 5 showed that PZT modification had a substantial positive
impact on hPV device performance, further work needs to be carried out to elucidate
the relation between PZT thickness and device performance: given the high resistivity
of PZT, a balance needs to be found between the short-circuit current density (Jsc)
and the open-circuit voltage (Voc). Given the roughness and microstructural complexity
of the sol-gel-derived ZnO thin-films, a more systematic study could be carried out by
substituting these with ZnO deposited using more controlled conditions using methods
such as chemical vapour deposition (CVD), pulsed laser deposition (PLD), or atomic layer
deposition (ALD). Additionally, a more extensive range of PZT sol-gel concentrations
could be employed, e.g. films with thickness from 0 – 20 nm with 2 nm intervals would
lead to effective optimisation of the system, as well as providing good quality films for
the experiments outlined in Section 6.2.1.2.
6.2.2.2 Ferroelectric Effects in hPVs
Figure 6.3 – Illustration of corona poling of a ferroelectric material. Reproduced from [16],
©2008 with permission from Elsevier.
The overarching motivation for incorporation of PZT into ZnO–P3HT devices was the
investigation into FE effects on hPV devices, as well as a potential subsequent extension
to OPV systems. One of the main findings in the original set of FE-OPV reports by Yuan
et al. was tunability of the device through poling of the FE polymer [17, 18]. However,
it has been argued that, using the methodology outlined in these papers, poling of the
FE layer is unlikely [19]: poling was carried out using large voltage pulses through a
fully fabricated device, whereas it has been argued that the active layer components of
the solar cell may screen this charge, thus rendering the applied electric field insufficient
to induce permanent polarisation in the FE polymer.
To unambiguously demonstrate the effects of poling on device performance, it is
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proposed that the ZnO–PZT–P3HT devices are used, but rather than attempting to
pole a completed device, the PZT layer is poled before the deposition of the polymer
layer. One such method of poling these layers is corona poling [16]: this only requires
that the sample is grounded via a bottom contact, whereas direct contact poling requires
contacts above and below the FE layer. Corona poling uses a needle through which a
high DC potential is applied, resulting in ionisation of surrounding air molecules; the
electric charge from the needle is directed at the sample surface, creating an electric field.
After poling the ITO–ZnO–PZT layers, device fabrication would proceed similarly to
the methods used in this work; the spontaneous polarisation should remain if processing
temperatures are held below the Curie temperature of the PZT films. Whilst this method
precludes tuning of the polarisation of the same device, trends between differently poled
layers from the same batch should yield discernible trends in data.
This methodology could also be extended to inverted OPV systems, using the ITO–
ZnO–PZT layers as bottom contacts for P3HT:PCBM active layers — although the
results of this thesis show that the presence of PZT is beneficial to the ZnO:P3HT system
through enhancement of the open-circuit voltage (Voc) which would not be observed to
the same extent in an organic active layer system, it would provide further evidence as
to the role of FE polarisation on device performance.
6.2.2.3 Improving Short-Circuit Current Density
Regardless of whether the FE properties of PZT influence device performance, the sub-
stantial Voc improvement on modification of ZnO shows that PZT modification of the
ZnO:P3HT interface is a viable route towards creating higher performance hPVs. These
devices are still limited by low short circuit current density (Jsc), however, and steps to
improve exciton harvesting in these devices is required. Improving the internal quan-
tum efficiency of the devices could be achieved by modifying the ZnO–PZT layers with
a self-assembled monolayer of phenyl-C61-butyric acid (PCBA), as reported in [20] and
[21]. As well as this, standard methods exist for increasing the interfacial area of hPV de-
vices, predominantly through using ZnO nanostructures such as nanowires and nanorods
which aim to increase the number of excitons which may reach the donor–acceptor het-
erojunction. Thin, conformal coatings of materials have been demonstrated on ZnO
using techniques such as atomic layer deposition [22]; thin coatings of PZT have been
achieved using this method [23], as well as through techniques such as liquid source
misted chemical deposition which has been used to coat ZnO–Pd nanowires [24]. If simi-
lar Voc increases are observed in interface-modified ZnO nanostructure devices as for the
devices in this study, similar gains in device efficiency are to be expected.
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Appendix A
Growth and Structure of
Sol-Gel-Derived PZT Films on
ZnO
A.1 ITO Diffraction Data
Peak (h k l)
JCPDS Ref. PsiOTec ITO
2θ Pos. d-spacing 2θ Pos. d-spacing
(◦) nm (◦) nm
1 (1 1 2) 22.81 0.390 21.34 0.416
2 (1 2 1¯) 30.56 0.292 30.32 0.295
3 (2 1 2¯) 35.34 0.254 35.29 0.254
4 (2 2 0) 38.02 0.237 37.48 0.240
5 (1 0 4) 42.24 0.214 41.54 0.217
6 (4 0 1) 45.41 0.200 45.33 0.200
7 (0 4 2) 48.96 0.186 48.90 0.186
8 (1 2 4¯) 50.63 0.180 50.64 0.180
9 (2 0 5) 56.55 0.163 55.63 0.165
10 (4 2 1¯) 60.67 0.154 60.20 0.154
Table A.1 – ITO X-ray diffraction peak data from JCPDS reference 01-088-0773 (rhombo-
hedral In4Sn3O12) compared with XRD data obtained from an ITO thin-film substrate used
in this work (from PsiOTec Ltd.).
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A.2 ZnO Characterisation
Peak (h k l)
ZnO Reference Spray ZnO Sol-gel ZnO d-spacing
2θ Pos. RPI 2θ Pos. RPI 2θ Pos. RPI
(◦) % (◦) % (◦) % nm
1 (1 0 0) 31.82 50.0 – 0.0 31.86 30.2 0.281
2 (0 0 2) 34.33 30.0 34.47 100.0 34.52 100.0 0.260
3 (1 0 1) 36.50 100.0 36.26 27.3 36.40 36.1 0.247
4 (1 0 2) 47.57 16.0 47.58 22.4 – 0.0 0.191
5 (1 1 0) 57.17 30.0 – 0.0 56.80 8.0 0.162
6 (1 0 3) 63.20 30.0 62.89 30.3 62.99 7.8 0.148
7 (2 0 0) 66.76 2.0 – 0.0 – 0.0 0.140
8 (1 1 2) 67.86 20.0 – 0.0 – 0.0 0.138
9 (2 0 1) 69.00 8.0 – 0.0 – 0.0 0.136
Table A.2 – XRD peak data for spray-pyrolysed and sol-gel-derived ZnO thin-films on glass
compared to a ZnO reference pattern (zincite, JCPDS 00-001-1136). RPI is the relative
peak intensity, expressed as a percentage. The d-spacings were used in the analysis of high-
resolution transmission micrographs.
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Figure A.1 – Scanning electron micrographs for ZnO thin-films acquired using a 5.0 kV
electron beam at a magnification of 150,000 x. Top: sol-gel-derived ZnO thin-films annealed
at 450 ◦C for 10 minutes (left) and 60 minutes (right) — the fine granular texture is due to
a coating of a thin layer of Au to improve sample conductivity. Bottom: a spray-pyrolysed
ZnO thin-film deposited using conditions outlined in Section 3.2.2.
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Figure A.2 – Bright field TEM micrographs of i) SP-Z–P3HT film and ii) SP-Z–PZT–
P3HT film showing the microstructure of the ZnO layer before and after PZT modification.
Note the different magnification of the two images. Sample preparation carried out by C.
Burgess and Dr J. B. Gilchrist, images acquired by Dr C. McGilvery.
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A.3 PZT Growth on ITO
Figure A.3 – Small-angle region of XRD patterns acquired for ITO–PZT thin-films annealed
at 500 ◦C in a preheated furnace (no temperature ramp) for different time periods. The
region displays the PZT (101) and (110) peaks, as well as a peak at ∼ 30.5◦ containing a
peak consisting of contributions from both the substrate and the intermediate pyrochlore
phase.
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A.4 PZT Growth on ZnO
Figure A.4 – Overlayed XRD patterns for ZnO–PZT thin-films annealed at 530 ◦C for 30
minutes with different heating rates.
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A.4.1 Topography
Figure A.5 – 2 x 2 µm tapping mode AFM topographical and phase scans for ITO–PZT
and ZnO–PZT thin-films.
A.4.2 ZnO Acid Wash Tests
To evaluate the effect of the acidity of the PZT sol-gel on ZnO, a solution of acetic
acid in methanol was made to the same pH (3.4) and deposited on spray-pyrolysed ZnO
thin-films using the same conditions for PZT layer formation (annealing at 560 ◦C in a
preheated furnace for 30 minutes). XRD and AFM scans of the films were acquired before
and after the acid wash treatments: these are displayed in Figure A.6. Little change in the
XRD patterns was observed, suggesting minimal changes in crystal structure of the films;
the roughness parameters from the AFM data show a decrease in surface roughness on
acid treatment, suggesting a degree of etching; however, there is little discernible change
in the microstructure either by inspection or in the fractal dimension of the films.
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Figure A.6 – XRD and AFM data acquired for ZnO thin-films before and after ‘wash’ treatment with a pH 3.4 solution of acetic acid in methanol. i) XRD
data showing the effect of acid treatment on the dominant (002) ZnO peak. ii) 2 x 2 µm tapping mode AFM height scans before (left) and after (right) acid
wash treatment. iii) height-height correlation curves acquired from ii) used to calculate the fractal dimension, Df of the ZnO films before and after treatment
(method described in Section 4.4.1.1. iv) roughness parameters and fractal dimensions derived from the AFM data of the films before and after treatment.
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A.4.3 PZT XRD Data
Peak (h k l)
Powder Ref. SPZ–PZT
2θ Pos. d-spacing 2θ Pos. d-spacing
(◦) nm (◦) nm
1 (0 0 1) 21.38 0.415 – –
2 (1 0 0) 22.30 0.398 22.43 0.396
3 (1 0 1) 31.12 0.287 – –
4 (1 1 0) 31.74 0.282 31.78 0.281
5 (1 1 1) 38.61 0.233 39.16 0.230
6 (0 0 2) 43.54 0.208 – –
7 (2 0 0) 45.53 0.199 45.55 0.199
8 (1 0 2) 49.44 0.184 – –
9 (2 0 1) 50.93 0.179 – –
10 (2 1 0) 51.27 0.178 51.24 0.178
11 (1 1 2) 54.96 0.167 – –
12 (2 1 1) 56.18 0.164 56.52 0.163
Table A.3 – PZT 30/70 XRD peak data obtained from a powder reference and an SP-
Z–PZT thin-film. The d-spacings obtained from these data were used in analysis of lattice
fringes in high resolution transmission electron micrographs.
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Appendix B
Towards PZT Interlayers
B.1 Sol-Z–PZT Transmission Electron Microscopy
Figure B.1 – TEM micrograph of Sol-Z–PZT cross-section (PZT sol-gel with concentration
0.4 M in [Zr+Ti] used); films were annealed at 5 ◦C min−1 to 530 ◦C and heated for 30
minutes. The data show the formation of distinct columns of PZT on the ZnO. Micrograph
was acquired at a magnification of 43,000 x and a beam energy of 300 kV. Sample preparation
and imaging carried out by Dr F. Giuliani.
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B.2 Atomic Force Microscopy Grain Analysis
Figure B.2 – Grain radius distributions acquired from the tapping mode AFM amplitude
error scans of ZnO and ZnO–PZT thin-films. Grains were marked using the watershed
marking algorithm in Gwyddion, followed by minor manual correction. The grain radius
distributions for the two films are given in the graphs at the bottom of the figure.
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Appendix C
Incorporation of PZT into Hybrid
Photovoltaic Devices
C.1 Spray-Pyrolysed ZnO–P3HT Devices
Figure C.1 – Dark and illuminated (100 mW cm−2) current density–voltage curves for a
normally functioning ZnO–P3HT inverted bilayer hPV device (i.e. reverse bias in the 3rd
quadrant), forward bias in the 1st and for a device made using a spray-pyrolysed ZnO layer
exhibiting anomalous rectification behaviour.
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C.2 Optoelectronic Characterisation
Figure C.2 – UV-vis transmission spectroscopy measurements for ZnO and ZnO–PZT thin-
films (where the PZT sol-gel concentration was 0.05 M with respect to the Ti/Zr content)
used to correct the PL data given in Figure 5.3. The absorption values used to correct these
data were taken at 320 nm.
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Figure C.3 – Optoelectronic characterisation of spray-pyrolysed ZnO thin-films capped with
P3HT: this study compares ZnO films in an as-cast state and ones annealed at 450 ◦C for 1
hour. For PZT-modified ZnO films, the interlayer was processed from a 0.05 M sol-gel (with
respect to Ti/Zr content). For PL measurements, the P3HT was probed by excitation at
520 nm whilst scanning for PL emission in the range 550 – 850 nm. i) UV-vis transmission
spectroscopy for SP-ZnO–P3HT and SP-ZnO–PZT–P3HT thin-films used to correct the
PL data shown in this figure. ii) PL emission spectra for SP-ZnO–P3HT films compared
to a P3HT reference. iii) PL emission spectra showing effect of PZT modification on PL
quenching in as-cast SP-ZnO–P3HT films; iv) PL emission spectra showing effect of PZT
modification on PL quenching in annealed SP-ZnO–P3HT films.
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Figure C.4 – Absorption-corrected transient absorption spectroscopy comparing charge re-
combination in ZnO–P3HT and ZnO–PZT (0.001 M)–P3HT thin-films. The hole lifetimes
in P3HT were probed by exciting the polymer at 510 nm and measuring the signal of hole
polarons at 980 nm. Figure originally published in K. Prashanthan, “Transient Absorption
Studies on Hybrid Metal Oxide/Polymer Solar Cells”, MRes Thesis, Imperial College Lon-
don 2012 (data acquired by K. Prashanthan for samples made in this work); the figure is
reproduced here with changes in presentation.
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C.3 Devices
Figure C.5 – Current density–voltage curves for Top: Sol-gel ZnO–P3HT inverted bilayer
hPV devices; Bottom: devices modified with 0.05 M PZT sol-gel (concentration with respect
to Ti/Zr content). Figures show J–V characteristics under illumination (100 mW cm−2) as
well as curves acquired under dark conditions before and after illumination.
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